Investigation of the stress corrosion cracking resistance of SAF2205 and AISI304 weldments for the marine environment application by Matjee, Mapula Regina
Student name: M. Matjee 
Student number: MTJMAP003 
Supervisor: Prof. R. Knutsen
Investigation of the stress corrosion 
cracking resistance of SAF2205 and 











The copyright of this thesis vests in the author. No 
quotation from it or information derived from it is to be 
published without full acknowledgement of the source. 
The thesis is to be used for private study or non-
commercial research purposes only. 
Published by the University of Cape Town (UCT) in terms 













I understand what plagiarism is and the consequences of such acts. I declare that the content 
covered in this thesis is my own work. It is not copied from any other sources. The inspiration of 
some topics covered in the thesis is drawn from other sources and they are referenced in the text 
and the bibliography accordingly. The work covered in this thesis is submitted towards attaining 
a Master’s degree in Materials Science at the University of Cape Town, Faculty of Engineering 
and the Built Environment. The work covered was not used to attain any other qualification from 






Stainless steels are used for many industrial applications because of their strength and fabrication 
characteristics. Stainless steel grades of SAF2205 and AISI304 can readily meet a wide range of 
design criteria of service life, maintenance, load and corrosion resistance. The SAF2205 and 
AISI304 are Fe-Ni-Cr alloys, whereby SAF2205 consists of austenite-𝛾 and ferrite-𝛿 microstructure 
and AISI304 is monophasic comprising of an austenite-𝛾 microstructure. Welding is frequently used 
in the manufacturing process of stainless steel products and it alters the base metal microstructure 
by introducing secondary phases or causing sensitisation in the Heat Affected Zones (HAZ) when it 
is not carried out correctly. The synergistic effects of the chloride environment and residual stress 
has a potential to increase susceptibility of the weldments due to precipitation of the deleterious 
intermetallic phases, which can be worsened by a Post Weld Heat Treatment (PWHT). An 
investigation to determine SAF2205 and AISI304 weldment susceptibility to SCC and intergranular 
attack for marine environment application has been conducted. The purpose of the investigation is 
to characterise the microstructure of a PWHT of SAF2205 and AISI304 weldments by comparing the 
welded material in the conditions of as-weld, as-received and PWHT. The tested materials will be 
evaluated for their corrosion performance specifically at the weldments when they are exposed to 
the marine environment. Thin rectangular specimens were sectioned such that the weldments are 
maintained at the centreline, followed by PWHT at 500℃ for 3 hours and 800℃ for 2 hours and then 
air cooled. The PWHT was completed to exaggerate the intermetallic formation in SAF2205 and 
sensitisation of AISI304 HAZ. Tensile tests were performed to determine the elastic limit of SAF2205 
and ASIS304, so that specimens are fixed in the holder without plastic deforming, but they maintain 
a yield stress level at the bend specimen apex or weld just below the yield stress. The mounted 
specimens were exposed to Cyclic Corrosion Testing (CCT-1) in a salt chamber. The exposure 
conditions included application of 5wt.%NaCl fog at 35℃ for 4 hours, 100% humidity at 50℃ for 2 
hours and drying at 60℃ for 2 hours and at 40℃ for 30 minutes. After 10 months of corrosion 
exposure, AISI304 specimens showed corrosion pits and rust at the apex of the bend specimens 
whereas SAF2205 specimens were defect free, and thus unaffected by the testing conditions. 
Additionally, the Strauss test was completed to determine the intergranular attack susceptibility for 
the tested material, at the Fusion Zone (FZ), BM (Base Material) and HAZ at the conditions of as-
weld and PWHT at 800℃ for 2 hours and 500℃ for 3 hours. The SAF2205 specimen, PWHT at 
800℃ for 2 hours, cracked during the material qualification bend test, particularly at the HAZ and FZ. 
These regions were further analysed using Scanning Electron Microscopy (SEM: BSE and EDS). 
The EDS analysis on the HAZ revealed the presence of Mo-rich precipitates of chi (𝜒)-phase and 
Cr-rich precipitates of sigma (𝜎)-phase at the grain boundaries and triple points growing into the 
ferrite-𝛿, making these regions to become brittle. The FZ revealed brittle sigma (𝜎)-phase at the grain 
boundaries with no chi (𝜒)-phase detected. The AISI304 exposed to similar conditions did not suffer 
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CHAPTER 1 INTRODUCTION 
Stainless steels are often the material of choice when designing and manufacturing tanks for 
storing neutral and mildly aggressive liquids, where tanks themselves are exposed to harsh 
conditions. Large capacity storage tanks are fabricated by means of multiple weldments to join 
the pre-formed stainless steel sheets or parts to produce tanks of cylindrical design. 
Consequently, the choice of stainless steel and the welding technique must not only provide 
adequate corrosion resistance for the application, but also account for internal and external 
environmental conditions. Stainless steel of choice need to consist of properties such as the 
following:  weldability, excellent mechanical properties viz. formability, machinability, tensile 
strength and exceptional corrosion resistance, for the asset to maintain its integrity especially at 
the weld joints during its lifespan, without deteriorating or having premature defects or 
catastrophic failures that can be very costly or even lead to fatality. Stainless steel grades of 
AISI304 and SAF2205 are commonly used as they have good metallurgical properties viz. 
equiaxed grain size, alloying elements and both grades can be welded and formed at ease while 
maintaining excellent mechanical and corrosion properties. Although the studied stainless steel 
grades have good welding properties, caution is necessary when conducting welding operations 
as it exposes the material to high thermal cycles that could affect the properties of the associated 
HAZ negatively. Manufacturing of the tanks by means of fusion welding can cause the 
development of the substantial residual stresses and the precipitation of deleterious intermetallic 
phases associated with welding operations. Since it is not practical in most instances when 
fabricating using these materials to conduct post-weld heat treatment (PWHT) to reduce or even 
to eliminate the residual stress, the presence of these potential dangers needs to be factored into 
the component life cycle management. Hence, enough insight into the influence of welding and 









 Rationale for the study 
Components such as storage tanks and pipelines are constructed to store and convey fluids for 
the use in various industries that are located near coastal regions. Several factors can negatively 
affect the integrity of tanks and pipes, depending on the marine environmental influence on the 
exposed surfaces. Components such as tanks, vessels, canisters and pipelines. when subjected 
to marine environment, whereby condensation of fog and humidity are inevitable, can lead to 
excessive chloride build-up on the component surfaces if left unnoticed. The saturated chloride 
ions (Cl-) condensate can interact with iron ions (Fe2+) within the steel structure by means of 
electrochemical reaction producing corrosion products that will eventually weaken the material. 
While stainless steels of grades, AISI304 and SAF2205 may have enough resistance to 
atmospheric corrosion attack, the synergistic effects of the chloride environment and residual 
stress might increase the susceptibility of the weldments (Fusion Zone) and the associated heat 
affected zones (HAZ) to Stress Corrosion Cracking (SCC). It is possible in these circumstances 
that either of these stainless steel grades will outclass each other in providing the desired 
corrosion properties. Thus, it is imperative to understand the performance of these engineering 
materials used to construct components such as tanks, pipes and canisters used in industries 
located in or near coastal environments e.g. power generation plants, petrochemical plants and 
food industries. Austenitic stainless steels represent the largest group of stainless steels in use 
and Duplex stainless steels are used to an increasing extent in the environment that are 
discussed. 
 Research Aim 
The aim of the research study is to investigate the resistance of SAF2205 and AISI304 stainless 
steels grades to Stress Corrosion Cracking (SCC) at the weldment regions of Fusion Zone (FZ), 
Heat Affected Zone (HAZ) and Base Material (BM) in the conditions of as-received, as-weld and 








 Research objectives 
 To analyse and compare the SCC susceptibility of AISI304 and SAF2205 grades under 
laboratory conditions that simulate the marine environment. 
 To evaluate the susceptibility to intergranular attack of AISI304 and SAF2205 stainless steel 
grades at the weld regions (FZ, HAZ and BM) that are in the following conditions: as-
received, as-weld and post weld heat treated.  
 To characterise the weldment regions of the studied materials (AISI304 and SAF2205) 
grades by analysing the evolved microstructure and elemental compositions in the as-weld 
and PWHT conditions. 
 To develop the heat treatment to purposefully introduce detrimental microstructures in the 
weldment of SAF2205 and AISI304 to exacerbate susceptibility to corrosion. 
 Research questions 
 Which of the investigated stainless steel grades of SAF2205 and AISI304 has greater 
resistance to stress corrosion cracking when exposed to laboratory accelerated corrosion? 
 How do the stainless steel grades of SAF2205 and AISI304 compare when exposed to 
intergranular attack laboratory conditions in the tested regions of FZ, HAZ and BM? 
 Which heat treatment can cause the investigated materials (SAF2205 and AISI304) to 





CHAPTER 2 : LITERATURE REVIEW 
 Background 
To ensure safety and uninterrupted operation in various plants namely power plants, chemical plants 
such as those of food processing, refineries/ petrochemical plants and many other engineering 
applications, the availability and reliability of components, equipments and the structural integrity of 
pipelines, tanks and supports are of paramount importance. These components, tanks, pipes etc. 
are joined to form safety systems or else they integrate with safety functions of the plant that when 
they become unexpectedly defective, they can lead to catastrophic failures or consequences. 
Additionally, the components such as tanks, silos and canisters are designed to contain products, 
waste and raw materials fed or extracted from the plant for the life of the plant. It is vital to understand 
the effects of the material used to construct the important components, especially the influence of 
the environment that they are meant to operate in, relative to their corrosion properties at prolonged 
operational durations. The understanding of the material used for the fabrication and its behaviour 
in sour conditions will benefit in planning their maintenance routine, that there are no operational 
disruptions and or unplanned maintenance on the affected components. 
The stainless steel grades of SAF2205 and AISI304 have been recognised as suitable for fabrication 
of components operating in harsh corrosive conditions because of their good corrosion resistance 
and excellent mechanical properties with good weldability and formability. However, there are some 
shortfalls associated with manufacturing of the components by welding of these steels due to 
excessive thermal cycles exposure introduced by the weld metal. Table 1 provides a summary 
underlining the benefits and shortfalls of the investigated materials suggesting that they not meet the 
design constrains particularly when they are welded to be utilised in various applications near coastal 
regions. Consequently, there was a need to study the evolution of these welded stainless steels and 
the effect of the extended exposure to the marine conditions regarding susceptibility to the Stress 
Corrosion Cracking (SCC). The current study is also intended to validate the material that can 
withstand the harsh environment without premature failures, which can be catastrophic and very 
costly when left undetected. Various studies have been completed in the field of Atmospheric Stress 
Corrosion Cracking (ASCC), and the present research study will incorporate the previous work done 
such as the available theories, experimental techniques and procedures or standards completed on 
SAF2205 and AISI304 relevant to the research matter to assess their performance under the 




The scope of this research study will be limited to SCC and intergranular attack effect of the welded 
joint or Fusion Zone (FZ), the adjacent Heat affected Zone (HAZ) and the Base Metal (BM) of the 
investigated steels, that are in the as-weld, as-received and Post Weld Heat Treatment (PWHT) 
state.  
The AISI304 grade are used extensively in corrosive environments due to their resistance to 
corrosion owing to the material’s passivation ability to form chromium (III) oxide (Cr2O3) in the 
presence of oxygen (O2). These add to the stainless steel’s attractive mechanical properties such as 
ductility and toughness. A major drawback of these steels is their susceptibility to chloride induced 
SCC. The AISI304 grades retains its aesthetic appearance in most atmospheres, except those within 
20km of the coastline or in severely polluted environments. 
With the appropriate dose of the alloying elements and feasible thermo-mechanical processing, it is 
possible to produce stainless steels that have dual phase structure consisting of austenite-𝛾 and 
ferrite-𝛿 microstructure. The duplex stainless steels (SAF2205) offer certain advantages over single 
phase grades, including higher yield strengths and greater resistance to SCC under specific 
operating conditions. The stainless steel of SAF2205 grade is second generation duplex stainless 
steel that are nitrogen (N) alloyed with high chromium (Cr) and low nickel (Ni) contents. These 
stainless steels have increased mechanical properties, with the yield strength double that of 
austenitic grades. As a result it is widely used in the marine and other high chloride environments 
competing with the austenitic grades. The limitations and benefits of the studied stainless steels of 
SAF2205 and AISI304 grades are highlighted in Table 1 below [1]. 
 
Table 1: Limitations and benefits of stainless steel grades of AISI304 and SAF2205. 
Type Grade Benefits Limitations 
Austenitic 
grades 
AISI304 • Mostly available 
• Good general corrosion 
resistance 
• Good toughness 
• Excellence weldability and 
formability  
• Work hardening can limit 
machinability and 
formability. 
• Limited resistance to 
SCC 






SAF2205  • Good SCC resistance 
• Good mechanical strength in 
annealed condition 
• Application temperature 
range more restricted 
than austenitic. 
• More expensive and less 
widely available  
 Duplex stainless steel (SAF2205) 
Duplex stainless steels consist of dual phases of ferrite-𝛿 and austenite-𝛾 microstructure, having a 
phase balance of approximately 50% ferrite-𝛿 and 50% austenite-𝛾 (%volume). These steels are 
intermediate grades between ferritic and austenitic stainless steel incorporating both steel 
properties, shown by the Schaeffler Delong diagram (Figure 2-1); hence it is also referred to as 
duplex stainless steel. The duplex microstructure benefit from the properties of austenitic and ferritic 
microstructures, thus when it is compared to ferritic steel grades it exhibits adequate ferromagnetic 
behaviour with enough thermal conductivity and possesses lower thermal expansion coefficients 
than the austenitic steel grades. The material exceeds the ductility and toughness of ferritic grades 
although they are not as tough as austenitic grades.  The duplex structure has good ductility and 
exhibit strong work hardening properties. 
 
Figure 2-1: Schaeffler Delong diagram – Cr and Ni equivalent compositions for ferrite, austenite, 




The SAF2205 grade contains nominal elemental compositions of 22wt.%Cr, 5wt.%Ni and 3wt.%Mo, 
regarded as standard duplex stainless steel which has very good general and pitting corrosion 
resistance. The SAF2205 grade is also considered as more suitable for application in the most 
aggressive marine environments except for seawater immersion [3]. 
 Phase ratio of austenite/ferrite (𝛾/𝛿) and their effects on duplex stainless steel properties 
As cited in the previous sections, the duplex stainless steels are mainly characterized by the duplex-
phase structure with approximately equal proportions of austenite-𝛾 (Face Centred Cubic –FCC) and 
ferrite-𝛿 (Body Centred Cubic–BCC). The volume fractions (𝛾/𝛿) can range from 60/40% to 40/60%. 
The (𝛾/𝛿) phase ratio can vary between 40% and 60% or even between 30% and 70% 
interchangeably. The balance ratio of the two phases (𝛾/𝛿) plays a significant role in defining the 
properties of duplex structure of stainless steel even though the phase can vary with temperature 
and compositions, restricting its use to a maximum temperature of 300℃ and minimum temperature 
of -50℃. At high temperature the dual structure becomes more ferritic-𝛿, with less Ni-element and 
more Cr-element equivalents [4]. At elevated temperatures this structure maintains considerably 
good toughness, high strength and appreciable ductility [5]. The duplex grades are not hardenable 
by heat treatment but are stronger than either ferritic or austenitic stainless steel in the annealed 
condition, having almost double the yield strength of austenitic grades. Like the ferritic stainless 
steels, they are ferromagnetic, but they have good formability and weldability of austenitic stainless 
steel, even though higher forces are required for forming due to the strength the material possesses. 
Duplex stainless steels have lower thermal expansion and higher heat conductivity than austenitic 
stainless steels [6]. 
 The ferrite (𝛿)-phase in duplex stainless steel 
The presence of ferrite (𝛿)-phase in the duplex stainless steel structure is vital, as it contributes to 
the steels’ good mechanical properties as well as corrosion properties and weldability. The ferrite 
content of approximately 40% to 65% is ideal to promote or maintain the attractive properties of 
austenite-ferrite structure [7]. The ferrite (𝛿)-phase is susceptible to severe embrittlement when 
exposed at 475 °C. This aging embrittlement is comparable with that of the ferritic stainless steels, 
and it poses a risk of the material deteriorating prematurely. Duplex stainless steel with more ferrite-
𝛿 content could cause the steel to perform like ferritic stainless steels. Consequently, the ferrite-𝛿 
limits should be held within a reasonable range so the duplex stainless steel properties can be 




ferrite-𝛿 content should be controlled. Ferrite (𝛿)-phase that is more than 60% volume can lead to 
noticeable decline in the ductility and reduced pitting resistance within the duplex stainless steel. In 
addition the ferrite-𝛿 levels that are lower than 35% may also have a negative effect on material’s 
ductile behaviour, and reduced SCC resistance because of the solidification mode that causes 
segregation [8]. 
 The austenite (𝛾)-phase in duplex stainless steel 
The presence of the austenite (𝛾)-phase enhances ductility. During solidification, duplex stainless 
steel solidifies completely as ferrite-𝛿 and undergoes solid state phase transformation into austenite-
𝛾. This is a reversable process and as a result, any large increase in temperature (>1000℃) lead to 
an increase in ferrite-𝛿 and also a reduction in the partitioning of substitutional elements between 
phase, which can be the case during welding activities [8]. The coexistence of the two phases of 
austenite-𝛾 and ferrite-𝛿 in the duplex structure not only provides an improved intergranular corrosion 
resistance, but it also improves SCC resistance when it is compared to fully austenitic stainless 
steels. The degree to which any of these alloys is resistance to any form of corrosion or stress 
corrosion depends its upon composition and microstructure [7]. 
 Alloying elements of duplex stainless steels: SAF2205 
Duplex stainless steels grades are often identified by four digits: the first two digits denote the weight 
percent of chromium (wt.%Cr), and the second two digits represent the weight percent of nickel 
(wt.%Ni). In the case of SAF2205 grades, the first two digits denotes that there is 22wt.%Cr, with the 
last two digits indicating that there is 5wt.%Ni present in the metal alloy [9]. The chemical composition 
of the alloying elements has a major influence on the steel’s metallurgical structure, mechanical 
properties and corrosion resistance. In duplex grades, the interaction of the major alloying elements 
such as chromium (Cr), molybdenum (Mo), nitrogen (N) and nickel (Ni) are said to be complex but 









Table 2: Elemental compositions for duplex stainless steels (SAF2205 grade) [10] 




















SAF2205 <0.03 22.0-23.0 4.5-6.5 3.0-3.5 0.14-0.20 1.5 
The Cr-element is a ferrite stabiliser, meaning the ferrite-𝛿 fraction within the duplex structure will 
increase with an increase in Cr-content. The increase in the Cr-element within the metal alloy 
encourages corrosion resistance by forming a Cr2O3 layer on the steel surface when there is O2 
present. 
The presence of Ni-element is of importance within this metal alloy as it delays the formation of 
intermetallic phases. Ni-element is also an austenite former, it stabilises the austenite (𝛾)-phase 
whereby the crystal structure from ferrite-𝛿 (BCC) change to austenite-𝛾 (FCC). Furthermore, Mo-
element is a ferrite former enhancing pitting corrosion resistance of the material. On the other hand, 
when Mo-element is too high it increases the tendency to form the intermetallic phases [8]. The 
interactions of the major alloying elements such as Cr, Mo, N, and Ni is very complex when forming 
a stable duplex structure that responds well to the fabrication processes such as welding, hence 
caution should to be practised to obtain the ideal chemical balance when utilising highly alloyed 




 Welding of duplex stainless steel and the effect of thermal cycle on steel microstructure  
The various welding techniques namely; Plasma Arc Welding (PAW), Flux Cored Arc Welding 
(FCAW), Shielded Metal Arc Welding (SMAW), Submerged Arc Welding (SAW), Gas Metal Arc 
Welding (GMAW) and Gas Tungsten Arc Welding (GTAW)/ Tungsten Inert Gas (TIG) are frequently 
employed with success to fuse duplex stainless steel material grades [11]. When such welding 
operations are carried out incorrectly, they can alter the original microstructure affecting the 
composition of the steel, which will prompt variations in corrosion resistance and will eventually 
affect mechanical properties. This can further present residual stresses and physical defects 
causing additional deterioration of the properties in the welded steel. The duplex steel structure 
requires regulated and well controlled welding parameters which can be accomplished through 
good welding practices by the approved welding personnel. The incorrect welding practices can 
lead to substantial loss of corrosion properties at the FZ and HAZ sometimes extending to the BM 
depending on the thermal cycles and the temperature that the welded material was exposed to. 
The duplex stainless steels characteristics can be worsened if the material is exposed to thermal 
cycles, since the high-temperature decomposition of ferrite causes the formation of detrimental 
secondary phases [8]. Although these conditions are necessary especially during welding 
operations, they can also add to the development of coarse-grained weldment deposits, a wider 
heat affected region (HAZ) and the precipitation of brittle intermetallic phases, which may be 
followed by an isothermal heat treatment to restore this balanced duplex microstructure. The heat 
treatment is not often practical when manufacturing big components, hence it is essential to govern 
welding conditions and welding procedures such that cooling is slow enough for adequate austenite 
transformation, but fast enough to limit precipitation of  secondary phases [8]. 
PWHT of the fused steel is sometimes mandatory, but not as always when welding the duplex 
stainless steels. When it becomes obligatory to heat treat the duplex stainless steel to restore 
phase balance, to reduce residual stresses and to eliminate detrimental precipitates, solution 
annealing by applying accurate materials annealing temperature is performed. This is achieved by  
solubilization at 1050-1100℃ and application of the cooling rate specified by the Original Equipment 
Manufacturer (OEM), standards/procedure and codes to avoid the microstructural modifications of 








 Metallurgy of duplex stainless steel weldments  
As discussed in the preceding section, the phase balance of the welded duplex stainless steel is 
vital in order to obtain excellent weld properties of the duplex structure with optimal benefits. This 
is important because when the ferrite-𝛿 is high it will result in brittleness, whereas lack of ferrite-𝛿 
will result in poor SCC resistance of HAZ [13]. In the HAZ the amount of the ferrite ranges from 
22% to 70% depending on the closeness to the FZ were high temperatures are introduced. 
The austenite (𝛾)/ferrite (𝛿) phase balance within the duplex microstructure can be predicted using 
multi-variable linear regression demonstrated by equations 1, 2 and 3 below. 
Cr𝑒𝑞  =  1.73Si +  𝐶r +  0.88Mo                                                                                                        Equation 1 
𝐍𝐢𝒆𝒒  =  𝟐𝟒. 𝟓𝟓𝐂 + 𝐍𝐢  + 𝟐𝟏. 𝟕𝟓𝐍 + 𝟎. 𝟒𝐂𝐮                                                                                      Equation 2  
%Ferrite = −20.93 +  4.01Cr𝑒𝑞  −  5.6Ni +  0.016T                                                                  Equation 3 
Where T (°C) is the annealing temperature (1050°C to ±1150°C) and the alloying elemental 
compositions are measured in weight percent (wt.%). 
 Duplex stainless steel Heat Affected Zone-HAZ 
“The HAZ is the area of base metal (BM) that has had its microstructure altered by exposure to high 
temperatures during welding” [12]. After the welding operations the HAZ of the duplex stainless 
steel ought to have corrosion resistance and impact toughness comparable to that of the BM. 
However due to the higher thermal conductivity of steels and the high heat input during welding 
operations, Duplex Stainless Steel (DSS) grades exhibit a narrow HAZ when compared to the 
austenitic stainless steel grades [15]. When the heat input is too low the weld becomes 
predominantly ferritic and will not have the same characteristics as the BM [5]. 
 Transformations of secondary phases in duplex stainless steel 
The highly alloyed duplex grades (Table 2) makes it prone to the formation of inter-metallic phases 
after extended service at high temperatures or following incorrect welding protocols or inaccurate 
PWHT. The typical intermetallic phases that can nucleate when the highly alloyed duplex stainless 
steel is subjected to the temperature of formation are highlighted in Table 3, in conjunction with 
























































The precipitates of the secondary phases such as the sigma (𝜎), Chi (𝜒) phases, carbides (M23C6) 
and nitrides (Cr2N) (Table 3), on a microscopic scale, are not ideal as they can negatively affect 
the material’s properties by dropping its toughness [16]. The presence of secondary phases 
(sigma-𝜎 and Chi-𝜒) likewise reduces the metal overall corrosion resistance as they are 
considerably enriched in Cr-element, making the metal alloy more susceptible to localized 
corrosion attack. The ferrite-𝛿 to austenite-𝛾 volume percentage should be maintained at 50%, 
whilst balanced by other alloying elements, either during fabrication or during operations. During 
welding this balance is almost unattainable due to ferritisation at high temperature associated with 
thermal input from the molten welding consumables. “The high ferrite content is not ideal as the 
material becomes brittle and more prone to pitting attack” [16]. During the welding of stainless 
steels, the cooling rate and heat input are the most important variables that need to be regulated, 
as these variables influence the ferrite-to-austenite transformation. When holding the material in 
temperature range of 300-1000°C for extended durations it will promote the precipitation of sigma-
𝜎  and Chi-𝜒 phases in the HAZ. In addition, prolonged heating in the temperature range of 350-
550°C can cause 475°C temper embrittlement, and for this reason the maximum recommended 




The Isothermal precipitation diagram for duplex stainless steels shown in Figure 2-2 below, present 
the temperature versus time diagram for the formation of secondary and or intermetallic phases. 
From the C-curve (Figure 2-2) it can be noticed that there are fewer secondary phases that can 
nucleate with potential of growth at lower temperatures (±300°C). The C-curve also demonstrate 
another batch of intermetallic phases that precipitate at the high temperatures (±600-1000°C), 
which are highly probable to nucleate during the welding of high alloyed steels. It is at the 
temperature of (650-950°C) whereby the ferritic matrix suffers from decomposition process causing 
precipitation of harmful secondary phases. Thus the balance of the alloying elements, temperature 
and time need to be determined, as guided by the fabrication standard and codes that are formally 
translated into the working procedures/ protocols i.e. Welding Procedures Specifications (WPS) 
and Procedure Qualification Records (PQR) to lessen or eliminate the formation of deleterious 
phase’s and weld defects [6]. During welding the detrimental precipitation reaction can be avoided 
by minimising the total time at temperature in the “red hot” range rather than managing the heat 
input for any one pass. Likewise, the deleterious phases can be avoided by allowing the starting 
material to cool slowly through the 700 to 1000°C range, or by allowing the material to air cool in 
to this temperature range for a minute or so prior to water quenching.   
 
Figure 2-2: C-Curve for the kinetics of precipitation of intermetallic phases as a function of alloy 
content [6]. 
When the material is slow cooled after welding the formation of austenite is encouraged on the 
other hand the precipitation of intermetallic phases could initiate. Hence the level of cooling need 
to be kept moderately slow to retain the phase balance by missing the nose of C-curve preventing 




 Precipitation of the sigma (𝜎)-phase 
The 𝜎-phase is rich in Mo-element and Cr-element and the non-magnetic inter-metallic iron, 
forming at the high temperature of 600-1000℃. The Cr-element diffusion in ferritic matrix of the 
duplex structure is the most significant thermodynamic process towards transformation of 𝜎-phase. 
Likewise, elements such as silicon (Si), nickel (Ni) and manganese (Mn) enhances the sigma  𝜎-
phase transformation. The phase takes the form of a complex tetragonal crystal structure made of 
30 atoms per cell. The eutectoid decomposition of ferrite (𝛿)-phase to sigma (𝜎)-phase and 
secondary austenitic (𝛾2)-phase nucleate at a rapid rate at the temperature of 950 to 1210℃ in 
(Equation 4). The presence of secondary austenitic-𝛾2 can be due to two mechanisms, from the 
existing austenite-𝛾 or within the ferrite-𝛿 [12]. 
𝜹   →     𝜸𝟐    +    𝝈       Equation 4 
The preferential nucleating site for the 𝜎-phase is at the ferrite/ferrite (𝛿/𝛿) and ferrite/austenite 
(𝛿/𝛾) grain boundaries. The grain boundaries are typically the preferential nucleating sites for the 
new formed secondary phases through heterogeneous nucleation and growth. Grain boundaries 
and other nucleating sites such as triple points have relatively weak bonding and high interfacial 
energy for the nucleation and growth of the intermetallic phase when conditions are conducive. The 
𝜎-phase preferentially grows into BCC structure of the ferrite (𝛿)-phase as the diffusion rate is 100 
times faster in comparison to the FCC structure of the austenite (𝛾)-phase [16]. The solid-state 
phase transformation of 𝜎-phase in tempering heat treatment is high when compared to the 
quenching heat treatment, which can be attributed to the cooling rate that is below 1K/s of the 
required quenching heat treatment for the formation of 𝜎-phase. The air-cooled welded parts of 
nominal thickness are generally greater than 1K/s, and so the transformation of the 𝜎-phase is not 
promoted. On the contrary the precipitates of 𝜎-phase is inevitable when thicker parts are welded. 
When the cooling rate is increased and or chemical composition are modified the 𝜎-phase volume 
content can be minimised. Therefore, it is vital that the cooling rates are controlled as minor traces 
of 𝜎-phase are  enough to reduce the impact strength in duplex stainless steel. The duplex stainless 
steel with as low as 1–2% of the 𝜎-phase can reduce the toughness of the grade even though the 
tensile properties are less affected [17]. 
 Secondary austenite (𝛾2)-phase 
As can be seen in the eutectoid reaction, Equation 4, the ferrite(𝛿)-phase decomposes to sigma(𝜎)-




grain boundary at a temperature range of 950 to 1210℃ [18]. The (𝛾2)-phase comprises of similar 
compositions as the surrounding ferrite-𝛿. The phase has varying density within the regions of FZ 
and HAZ, and it precipitate and grow towards the ferrite phase of the dual structure. There are two 
distinct forms of secondary austenite-𝛾2; one form simply grows off the existing austenite-𝛾 and the 
other form nucleates within the ferrite (𝛿)-phase which is associated with previously formed 
chromium nitrides (Cr2N). The Cr2N nucleate initially at the inter-phase interface or in the ferrite (𝛿)-
phase after welding resulting in a local depletion ferrite promoting elements of Mo and Cr. The 
reduction of these elements then promotes the nucleation of secondary austenite (𝛾2)-phase at the 
interface and the subsequent growth within the ferrite (𝛿)-matrix [19].  
 The precipitation of chi (𝜒)-phase 
The chi (𝜒)-phase nucleate prior the sigma (𝜎)-phase can nucleate at the temperature range of 
700–900℃. The 𝜒-phase nucleate at the ferrite/ferrite (𝛿/𝛿) interface and grows into the ferrite 
structure as demonstrated by Figure 2-3 (a)-(d), between the times  𝑡0 to  𝑡3, where 𝑡3 > 𝑡2 > 𝑡1 >
𝑡0. 
  
Figure 2-3: Chi (𝝌)-phase precipitation at ferrite/ferrite grain boundaries [16]. 
The 𝜎-phase formation takes place at the detriment of 𝜒-phase (Figure 2-3). The 𝜒-phase 
(Fe36Cr12Mo10) is much richer in Mo than the 𝜎-phase (Fe-Cr-Mo). Mo-element is heavier thus 
making it is plausible to contrast between the two secondary phases (𝜎 and 𝜒) when using 
magnification tools of Backscattered Electron Microscope (BSE) and Energy Dispersive X-Ray 







than the 𝜎-phase hence it transforms into 𝜎-phase during ageing. The 𝜒-phase always forms at the 
early stages of ageing and is consumed by the 𝜎-phase precipitation and growth [17]. 
 Precipitation of carbides and nitrides in duplex stainless steel 
The precipitation of chromium nitrides (CrN/Cr2N) generally initiate between the temperatures of 
700–900℃, when the rapid cooling is applied from high annealing temperatures due to the 
saturation of ferrite-𝛿 with nitrogen. The nitrogen segregation increases within ferrite-𝛿 when 
temperatures are higher and upon cooling the solubility starts to decrease making ferrite-𝛿 to be 
saturated with N-element, initiating the nitrides (Cr2N) nucleation at the intra-granular sites. The 
other form of nitrides that nucleate during welding operations particularly in the HAZ has 
stoichiometry of CrN in addition to the Cr2N. “The chromium nitrides can lower corrosion resistance 
of the steel if precipitated in large percentage volume. On contrary the slower cooling through this 
range will favour austenite-𝛾 and, in some cases, intermetallic precipitates [20].  
Although the carbides (M23C6 and M7C3) can nucleate at the temperatures of 450–800℃ in 
SAF2205 grades, they are not generally of a practical concern during welding, as this stainless 
steel grade contain low carbon level (0.03wt%C), as such the carbides does not prove detrimental 
factor to the duplex stainless steel weldments. The M23C6 or M7C3 can be any metallic carbide 
where “M” denotes the metallic element [20].  
 Precipitation of other phases - 𝑅, 𝜂, 𝜏 and the alpha prime (𝛼′) phase 
The 𝑅-phase precipitates at early stages of the aging process, as the aging time elapse, they 
transform into sigma 𝜎-phase at the inter-granular and intra-granular sites at the temperatures 
range of 550–650℃. The stability of the 𝑅-phases increase with Mo-element content hence the 
phase is Mo-rich compound. 
The 𝜂-phase transformation takes place at 600℃ during the prolonged aging and isothermal heat 
treatment durations. This phase is often confused with sigma 𝜎-phase as it is also rich in Mo-
element as well as Cr-element. Other secondary phases forming at the at ferrite/ferrite (𝛿/𝛿) 
boundaries of the duplex structure at the same temperature conditions include the tau(𝜏)-phase 
which comprise of needle like structure of orthorhombic lattice type. 
The alpha prime (𝛼’)-phase has the BCC structure and it transforms at 300–525℃ encouraging 
the embrittlement of these metal alloy. The embrittlement is triggered by decomposition of ferrite 




embrittlement is high, and the alpha prime (𝛼’)-phase occurrence is also referred to as the 475℃ 
embrittlement [53]. 
 Weld solidification mechanism 
Duplex stainless steel solidifies primarily as ferrite-𝛿 and partially transform to austenite-𝛾 on further 
cooling to a matrix of ferrite-𝛿 and austenite-𝛾, depending on several factors such as the alloying 
constituents, processing temperature, cooling temperature and the cooling rate. When the duplex 
stainless steel contains more elements of ferrite formers such as Si, Mo, and Cr than those of 
austenite-𝛾 former such as C, N, Ni and Mn, it will initially solidify as ferrite-𝛿 and then transforms 
to austenite-𝛾 nucleating and growing at the grain boundaries as the temperature decrease below 
ferrite solvus-line (Figure 2-4-Pseoudo binary for solidification of duplex stainless steel). The 
equilibrium composition of the austenite-𝛾 and ferrite-𝛿 will continuously change with temperature 
and the level of the alloying elements specifically those of Cr-element and Ni-element, as 
demonstrated by the solvus-lines in Figure 2-4. The diffusion becomes slow as the temperature 
drops to the final phase composition that exists at lower temperatures. Thus, the necessary phase 
composition can be retained by quenching at this temperature [21]. 
 
Figure 2-4: Elevated temperature region of pseudo binary phase diagram for the duplex stainless 




During solidification of the weldments, the metal that solidify initially comprise of high levels of ferrite 
stabilising elements e.g. Mo-element, Si-element and Cr-element.  
 Heat treatment of Duplex Stainless Steels (DSS) 
The application of heat treatment in DSS is usually not necessary. However, for certain application 
it is prescribed by technical standards to conduct stress-relieving annealing before use [23].  The 
duplex stainless steels have high-temperature oxidation resistance, however the SAF2205 grade 
like other grades of DSS suffer 475℃ embrittlement when held for short durations (approximately 
15min) at temperatures above 300℃. The phase balance in SAF2205 obtained through the precise 
heat treatment is crucial in maintaining the material mechanical properties. The DSS solidifies to 
ferrite (𝛿)-phase at a moderate cooling rate during production or welding operations while 
promoting a favourable phase proportion [23]. The long holding times at temperatures between 
300℃ and 1000℃ and slow cooling rates during heat treatments (Figure 2-2) should be avoided 
as this will promote the precipitation of the brittle inter-metallic and detrimental secondary phases 
as discussed in the previous sections. Consequently, the annealing temperature must be strictly 
controlled, and the steel must be quenched rapidly from the annealing temperature to prevent the 
secondary phase precipitates from growing. If the material is embrittled, the situation can only be 
rectified by a full-solution annealing treatment such as heat treatment application of the material at 
±1035℃ to 1050℃ for five minutes, which will restore the austenite-𝛾 and ferrite-𝛿 microstructure. 
The grade of SAF2205 can be annealed at 1020℃ to1100℃ followed by rapid cooling. This 
schedule applies for both solution annealing and stress relieving heat treatment of the DSS. 
Annealing temperatures that are above 1050℃ often result in an increase of ferrite-𝛿 content of the 
heat-treated material. 
 Preheat and Inter-pass Temperatures  
Preheating of duplex stainless steel to a maximum temperature of 75℃ may be applied when 
necessary. However, it is preferred not to preheat duplex stainless steel prior to welding as it may 
negatively affect the cooling rate necessary to attain optimum austenite-𝛾 and ferrite-𝛿 phase 
balance, because the heat input is a secondary factor relative to weld metal composition in 
controlling the austenite-𝛾 and ferrite-𝛿 phase balance. Excessive inter-pass temperatures can lead 
to the SAF2205 grade losing the ductile property to become brittle resulting in low impact values in 




<250℃, which has the heat input of ±0.5 to 2.5𝑘𝐽/𝑚𝑚. The base metal should be permitted to 
cool down to room temperature following welding operations [15]. 
 Post Weld Heat Treatment - PWHT  
The PWHT in duplex stainless steels is generally not obligatory however it might be crucial once 
the amounts of deleterious intermetallic phases have formed. The corrosion properties in the post 
weld heat treated duplex stainless steel are not only associated to the presence of the secondary 
austenite (𝛾2) but also to its morphology that is influenced by the heat treatment parameters. In 
addition, the secondary austenite (𝛾2) with coarse grains encourages superior corrosion properties 
than the secondary austenite (𝛾2) having finer grains. When conditions compel that the induction 
heat treatment should be carried out, a significant thermal gradient may arise across the thickness 
of the weld subsequently different corrosion properties may be found across the thickness of the 
weld joint [24]. 
 Sensitization and Intergranular corrosion on SAF2205 
The stainless steel of SAF2205 grade have very good resistant to Intergranular Corrosion (IGC) 
owed to the two-phase structure of metastable ferrite-𝛿 present within the austenite-𝛾 matrix, and 
the moderate levels of Nickel (Ni) and a very low Carbon (C) content. Chromium (Cr) diffuses faster 
from ferrite 𝛿-structure than it is from austenite 𝛾-structure at the typical sensitising temperature 
between 425℃ to 815℃, upon which the carbides nucleate and grow favourably at the 
ferrite/austenite (𝛿/𝛾) grain boundaries. However, the phenomenon of sensitisation is often not 
much of the concern in duplex stainless steel as there is less carbon to form the carbides. When 
the conditions are conducive enough that the chromium carbides forms, the areas that are depleted 
from Cr-element are widely distributed within the austenite grains adjacent to the 𝛿/𝛾 boundaries 
and they can be replenished by diffusion during stress relief annealing [25]. The stress relief 






 Austenitic stainless steel (AISI304L) 
The austenitic stainless steels are generally nonmagnetic which are found to be beneficial for 
various engineering applications. The austenitic stainless steel comprise of Faced Centred Cubic 
(FCC) structure having excellent formability and outstanding corrosion resistance. The austenitic 
grades are the most readily formed as they have low yield stress (YS) characterised by strong work 
hardening. This material can be work hardened by means of cold work to higher strength, but they 
are not hardened by means of heat treatment. But it can be strengthened by means of solid solution 
strengthening technique, whereby some level of the alloying elements viz. Chromium (Cr), Nickel 
(Ni), Carbon (C), Manganese (Mn) etc. are diffused. Contrarily, the detrimental effect of carbon 
level to corrosion resistance propel that C-element should be minimally used as a strengthening 
element in the welded austenitic stainless steel. Hence this material is also obtainable with the 
grades that has varying elemental C-element level, with AISI304 grades having the <0.10wt.%C, 
and AISI304L grades having lesser (<0.03wt%C) or even without C-element [26]. 
 Austenitic stainless steel phase and the alloying elements 
Austenitic stainless steel has a single-phase microstructure having FCC crystal structure that can 
be stabilised by adding appropriate levels of Ni, Mn and C elements. The AISI304 grades are the 
most familiar and widely used and they are also referred to as 18/10 and 18/8, with both ratios 
referring to the nominal composition of 18wt.%Cr and 8%wt.Ni. They are resistance to pitting, 
crevice and general corrosion which is largely improved by further alloying the austenitic grades 
with increased amounts of Mo and Cr elements, whereas the increase in Mo and Ni levels are more 
beneficial to SCC resistance. Table 4 - present some of the major alloying elements in AISI304 
grades including their compositions expressed in weight percentage (wt.%). This steel grades can 
have Cr and Ni alloying elements at various compositions that are anywhere within the austenite 
region of Schaeffler Delong diagram (Figure 2-1). As Cr and Mo elements are increased to enhance 
a specific properties usually corrosion resistance, Ni and or other austenite stabilizers should also 







































Austenitic stainless steels have many benefits from a metallurgical point of view, including those 
highlighted in Table 1. Their FCC structure is very tough and ductile down to temperatures of zero. 
The least corrosion resistant versions of this steel grade can withstand the normal corrosive attacks 
of everyday environments, whereas most of corrosion resistant grades can even withstand the 
extreme corrosive environment such as those of saline conditions. If this alloys were to have any 
relative weakness it would be that they are less resistant to cyclic oxidation than the ferritic stainless 
steels, because of the steel greater thermal expansion coefficient tends to cause the protective 
oxide coating to spall [28]. 
 The influence of thermal cycle on the welded austenitic stainless steel microstructure 
Austenitic stainless steels are readily weldable with considerable tolerance for variation in welding 
conditions. Amongst numerous available welding techniques, the GTAW and SMAW or the TIG 
are commonly applied to join and or fabricate parts or components from this metal alloy. The TIG 
welding is considered attractive technique, because it has the lower heat input associated with it 
when compared to SMAW technique. The lower heat input is beneficial to the austenitic stainless 
steel weldment as it can be cooled at a rapid rate, subsequently alleviating likelihood of 
sensitisation in weld region of HAZ. The sensitised HAZ affect the material adversely if not 
alleviated after welding activities, causing unfavourable conditions to manifest, expounded as 
follows; 
(a) When the HAZ is exposed to high welding temperatures for extended durations the 
precipitation of Cr23C6 at the grain boundaries and locally lowering the Cr-element content 




The precipitation of carbides can be alleviated by means of full solution heat treatment at 
1050℃ or annealing at 900℃ to allow chromium to diffuse from bulk into the impoverished 
zone. 
(b) The stress set up from contraction accompanying solidification of weldments of fully austenitic 
weld metal can produce hot cracking. These conditions can be alleviated by ensuring that 
the weld metal contains a minimal delta-ferrite. 
 Austenitic stainless steel weldments metallurgy 
Austenitic stainless steels are predominantly prone to the hot cracking that can be mitigated using 
filler material that contains small percentage of retained ferrite to join the parts or plates. Although 
suitable filler materials have been developed, it turns to be dilute by high amount of austenite in 
the parent material especially at the roots of welds. The slower cooling rate at the weld root nugget 
reduces the amount of retained ferrite and increases the likelihood of hot cracking. While filler 
materials can compensate for undesired changes in the microstructure of the weld solidified region, 
they cannot prevent the HAZ microstructural changes [14]. Adjacent to FZ and HAZ the degree of 
grain coarsening may be experienced because of grain structure evolution owing to high thermal 
input during welding, causing the grains to go through heat treatment process of growth, 
recrystallisation and or even recovery towards the cooler regions adjacent to the BM. The sensitivity 
of the steel to chloride SCC is increase with increasing grain size.  
 Heat Affected Zone (HAZ) of austenitic stainless steel weldments 
During welding operations of steels, the HAZ is normally exposed to inconstant cycles of cooling 
and heating with peak temperatures from solidus to ambient. The arc welding is regarded a feasible 
technique to join ferrous materials, with austenitic stainless steels not being an exception. However, 
there are anomalies associated with arc welding of ferrous metals i.e. chemical inhomogeneity at 
the HAZ and the FZ of the joint parts affecting weld quality by causing defects such as cold-laps, 
micro-porosity, micro-fissures, hot-cracks, sensitisation etc. The rapid thermal cycles experienced 
in the HAZ from fusion welding promotes metallurgical changes that significantly affect the 
corrosion resistance of the weld joints because of the existing metallurgical inhomogeneous and 
dendritic microstructure with micro-segregation. In the welded austenitic stainless steel, a degree 
of grain coarsening may be experienced very close to the FZ and or FL, while sensitivity to SCC is 




 Precipitation of inter metallic phases in austenitic stainless steel 
The intermetallic phases that normally exist in the weldments of austenitic stainless steels are 
presented in Table 5 and they can be classified as Topologically Close Packed (TCP) and 
Geometrically Close Packed (GCP) phases . “The TCP phases are characterized by layers of close 
packed atoms which are separated by relatively large interatomic distances. The layers of close 
packed atoms are displaced from others by inserted large atoms evolving a characteristic topology. 
On the other hand, the GCP phases are close packed in all directions and they form mainly in Ni 
base alloys such as austenitic stainless steels. The three TCP phases that are often found in the 
austenitic stainless steels are the chi (𝜒)-phase, sigma (𝜎)-phase and laves (ƞ)-phase. The other 
intermetallic phases that are rarely found are the Mu (𝜇)-phase, 𝑅-phase, gamma prime (𝛾’)-phase 
and gamma double prime (𝛾’’)-phase. The chemical compositions of the intermetallic phases 
forming in austenitic steel are presented in Table 5 below This intermetallic phases are associated 
with undesirable effects in the steel proprieties although precipitation of the laves (ƞ)-phase (Fe2Nb) 
can result in precipitation hardening strengthening mechanism [29]. 
Table 5: Composition of intermetallic phases precipitate in austenitic stainless steels [29]. 
Phase Nominal Compositions Lattice type 
Topologically Close Packed phases (TCP) 
Sigma (𝜎)-phase Fe,Ni,Cr,Mo BCT 
Chi (χ)-phase  Fe36Cr12 Mo10 BCC 
Laves (ƞ)-phase Fe2Mo, Fe2Nb hex 






Geometrically Close Packed phases (GCP) 
𝑍-phase CrNbN Tetragonal 
M2N (Cr,Fe)2N Hexagonal 




The transformation of hard and brittle phases of chi (χ) and sigma (𝜎) makes the stainless steel to 
become more brittle. The embrittlement effect transpires in the temperature range of 500–900℃. 
This is a sluggish process and is usually not problematic during the welding of steel, but it can take 
place when the elevated operational temperature is applied or when the welded components are 
stress relieved. Secondary phase formation listed in Table 5 above, are basically promoted by the 
ferrite forming elements such as high Mo and Cr content. “Delta-ferrite also transforms more rapidly 
than austenite, subsequently the alloys containing large amounts of this phase will degrade faster 
than an austenitic stainless steel with only a small percentage of ferrite – hence the problems with 
duplex stainless steels [23]. 
 Precipitation of the sigma (σ)-phase in austenitic stainless steels 
The sigma (𝜎)-phase has Body Centred Tetragonal (BCT) crystal lattice that precipitates at the 
temperatures of 600 – 1000℃. The Cr level in 𝜎-phase is 25 – 76wt.%, thus the formation of this 
phase is encouraged by an increase in Cr content of more than 17 – 20wt.%Cr, in contrary the 
phase is lowered by an increase in Ni level. The amount of Cr and Ni equivalence can be used to 
evaluate the possibility of 𝜎-phase formation in Fe-Cr-Ni alloy. The propensity of 𝜎-phase 
precipitating in austenitic stainless steels depends on the chemical composition of the residual 
austenite after precipitation of carbides and nitrides which always form first [28]. The tendency of 
austenitic stainless steels to form 𝜎-phase can be determined by means of Hull formulae for 
Equivalent Chromium Content (ECC) as per equation 5 below. The steel is prone to formation of 
𝜎-phase once the ECC value is more than 18wt.%. 
ECC = %Cr + 0.31%Mn + 1.76%Mo + 0.97%W + 2.02%V + 1.58%Si + 2.44%Ti + 1.7%Nb +
1.22%Ta − 0.266%Ni − 0.177%Co                                                                                           Equation 5 [22] 
In addition, the alloying elements of Mo, Ti, Nb also promote the precipitation of 𝜎-phase. The 
precipitation rates are increased by additional 2–3wt.%Si (silicon-Si-element). Figure 2-5 below 
illustrate various austenitic stainless steel grades of 304,316, 321 (Ti-stabilized), and 347 (Nb-
stabilized) where transformation of 𝜎-phase is feasible at different times and temperature of 700℃. 
When nitrogen (N) is incorporated in the weld deposit it delays or even mitigate the nucleation and 
growth of the 𝜎-phase and 𝜒-phase. “The occurrence of delta-ferrite affects the growth kinetics of 
𝜎-phase and other intermetallic phases but not the total content of these phases” [28]. The delta-






Figure 2-5: Sigma (𝝈)-phase precipitation in different grades in austenitic stainless steel with 
respect to time at temperature (700℃) [28]. 
The cold worked material is characterised by decrease in incubation period for the 𝜎-phase 
precipitation, whereas an increase in grain size due annealing at high temperatures retards the 
𝜎-phase transformation. The stress accelerates precipitation of 𝜎-phase and extends its formation 
range to lower temperatures. The 𝜎-phase nucleation and growth can be controlled by the rate of 
Cr diffusion and other elements of 𝜎-phase former. Similarly, the compositions of delta-ferrite and 
𝜎-phase are nearly comparable, hence the delta-ferrite in austenitic stainless steel weldments 
transform to the 𝜎-phase with ease through a crystallographic re-orientation. The heat input during 
welding has a significant effect in the precipitation kinetics of delta-ferrite and other intermetallic 
phases. When components are welded, the thermal effects can significantly alter the metallurgical 
structure of the parent metal to produce HAZ. Consequently the different parts of the weldments 
can have different constitutive behaviours.  Furthermore, the high heat input to the weld metal can 
retard the decomposition kinetics of delta-ferrite similarly retarding the precipitation kinetics of 𝜎-
phase. The 𝜎-phase is known to affect the tensile and creep-ductility of the stainless steels [20]. 
 Chi (𝜒) and laves (ƞ)-phase precipitation in austenitic stainless steel 
The chi (𝜒)-phase is comparable to sigma (𝜎)-phase, although the 𝜒-phase has less Cr and more 
Mo levels with Body Centred Cubic (BCC) structure (Table 5). The two phases can coexist at 
temperature range of 700-900℃ by precipitating at ferrite/austenite (𝛿/𝛾) grain boundaries while 
having similar deleterious effects [30]. The composition of 𝜒-phase can vary appreciably with a 










proportion within the 𝜒-phase shifting towards the strongest carbide former, i.e. towards Mo at the 
cost of Fe and Cr elements. The presence of delta-ferrite in the steel favours the precipitation of 𝜒-
phase and 𝜎-phase. The precipitates of the laves ƞ-phase are also formed at the temperature range 
of 550–650℃ over the period of hours. This phase has the structure of B2A, where B and A denotes 
the elements of Fe/Cr and Ti, Mo, Si/Nb respectively. It is possible for ƞ-phase to form at 
temperatures below 𝜎-phase and above alpha prime (𝛼′)-phase, but the long times for the phase 
transformation make it rare (Figure 2-6). Even though its effect would be deleterious, it seldom that 
it becomes a practical problem. 
 
Figure 2-6: Time-Temperature-Transformation (TTT) diagram for the precipitates occurring in 18-
Cr-12Ni-2Mo (Austenitic stainless steels). 
 The precipitation of carbide and nitride in austenitic stainless steel 
The carbides (M23C6) are the main precipitates found in austenitic stainless steels having 
orthorhombic structure. “The precipitates of carbides transform at the temperature that the austenitic 
stainless steel becomes saturated with C-element [30]. The M23C6 precipitates usually form before 
the intermetallic phases, whilst the formation of the intermetallic phases increases, they re-dissolve 
due to thermodynamic considerations to replenish the matrix in Cr, Mo, C and N. Their precipitation 
at the grain boundaries are known to impair the impact property more than any other mechanical 
property. The precipitates are also acknowledged to deteriorate the localised corrosion behaviour 




Table 6: Composition and crystal structures of the carbide that precipitate in austenitic stainless 
steel. 
Carbide stochiometric  Unit cell Principal metallic elements 
M23C6 FCC Cr, Fe, Mo & Ni 
The M23C6 initiate at the grain boundaries and incoherent twin boundaries of the steel 
microstructure [28]. The Cr-element that reacts with the C-element originates from the matrix of 
austenitic stainless steel in the immediate vicinity, thus decreasing Cr content in the material 
immediately adjacent to the grain boundary, giving rise to the phenomenon of sensitisation also 
referred to as “sensitisation to intergranular corrosion”. Ni-element and Mo-element decrease the 
solubility of carbon in austenite and accelerate the carbides precipitation, on contrary N-element 
retards the precipitation of the carbides [28]. The sensitised regions are prone to localised 
corrosion, which transpire when unsuitable heat treatment is applied or when the material is heated 
to higher temperatures for extended durations during welding. The HAZ of such material suffer 
from intergranular corrosion termed weld decay. Stainless steels can be stabilized against this 
behaviour by addition of titanium (Ti), niobium (Nb) and tantalum (Ta), which reacts with C-element 
to form titanium carbide (TiC), niobium carbide (NbC) and tantalum carbide (TaC) preferentially to 
Cr23C6 to lower carbon content of in the steel (Table 6). The filler metal with the carbon content of 
less than 0.02wt.%C will lessen the prospect of carbides formation. The carbides can also be 
reduced by heating the entire welded part above 1000°C followed by quenching with water for the 
dissolution of the Cr23C6 within the grains, thus preventing the diffusion to take place and 
precipitation of the carbides to form. Another possibility is through keeping the welded parts thin 
enough so that upon cooling the metal dissipates heat rapid enough for the carbide to precipitate. 
Another option, most popular, is to use L grades (low carbon grades of austenite stainless steels) 
for the base metal to avoid sensitisation, e.g. 304L [28]. 
 The nitride precipitation in austenitic stainless steel 
Nitrogen-element can substitute carbon contained in the carbides – M23C6, when the nitrogen level 
is higher the chromium nitride compound – Cr2N precipitate instead. This can occur especially in 
duplex alloys when the alloy has high N-element solubility and it is heated to the solution annealing 
temperature. Cooling from high temperatures creates excess nitrogen to precipitate needle like 





 Heat treatment of austenitic stainless steels 
The annealing heat treatment on austenitic stainless steel is employed to restore the ductility and 
softness while protecting the material against corrosion, consequently post-annealing may be 
specified as thermal processing or post welding. The annealing heat treatment re-dissolves the 
carbides within the matrix consequently reducing the intergranular corrosion attack markedly. As 
mentioned previously the M23C6 usually precipitates at the temperatures of 425–900℃, while 
annealing at temperatures of 1010–1120℃ permit complete dissolution of the formed carbides 
followed by rapid cooling. The rapid cooling action using water ensures that the dissolved carbides 
remain in solution post the annealing treatment. Air blasting can also be applied as a cooling 
method when practical considerations such as distortion are ruled out. The thin section size 
products are difficult to cool by means of intermediate cooling rates; hence still air cooling is carried 
out. When air cooling does not provide adequate cooling rate to prevent carbide precipitates, 
maximum corrosion resistance will not be attained using this practice [30]. 
 Post-Weld Heat Treatment (PWHT) of AISI304 stainless steels 
The AISI304 grades does not generally require PWT, however if need arise that heat treatment is 
necessary normally due to service conditions, solution heat treatment can be completed. In most 
applications solution heat treatment is done to ensure the greatest degree of corrosion resistance 
appropriate for compositional homogenization to reduce the possibility of sensitization during high 
temperature exposure. In other applications heat treatment may be completed for stress alleviation 
to give extra dimensional stability of components to be machined and or to reduce reheat cracking 
and to lessen the welded materials susceptibility to SCC. Fairly low temperature treatments 
(±400℃) are normally applied to achieve dimensional stability and giving partial stress relief which 
might be adequate. Heat treatment at higher temperatures of 1000℃ may be employed to stress 
relieve most of the material’s internal stress, while solution annealing is achieved at temperature 
greater than 1000℃, followed by rapid cooling to prevent the precipitates to nucleate, however new 
stresses of considerable magnitude could be formed. In such conditions a lower temperature 
treatment of ±400℃ to provide stress relief within the material without the precipitation of 





 Sensitisation in austenitic stainless steel 
The austenitic stainless steel of AISI304 grades contain a small amount of carbon (0.03wt%C) 
contributing to solution strengthening of the material; although the C-element can become 
undesirable during the welding operations. The C-element is austenite former and it has a great 
thermodynamic affinity for Cr-element that can form Cr23C6 when it became supersaturated and 
when the diffusion rates are adequate for Cr and C to segregate into precipitates. The solubility of 
C-element in austenite is above 0.4% during solidification but reduces significantly when the 
temperature decreases to room temperature. During welding activities, the steel is exposed to 
thermal cycle adjacent to the FZ, that facilitates Cr23C6 nucleation and its growth along the grain 
boundaries. The formed carbide can only become insoluble at intermediate temperatures of 425℃ 
and 815℃, and when the temperature is above 815℃ it become soluble whereas below 425℃ the 
diffusion rate of C-element becomes sluggish for precipitation to initiate [25]. It is mainly the 
diffusion of Cr-element from the neighbouring grains diffuse to initiate the nucleation and growth of 
transformed carbides making the Cr-mass transfer rate to be much higher along the grain 
boundaries than in the matrix of the grains. As diffusion progresses the Cr23C6 precipitates become 
rich in Cr-element causing areas adjacent to the grain boundaries to become Cr-depleted (Figure 
2-8). This result in reduction in Cr content to the affected regions to below 10% threshold required 
to maintain the chromium oxide (Cr2O3) or chromium hydroxide [Cr(OH)3] protective film [28]. The 
Cr-depleted zones become more susceptible to corrosion than the surrounding grains as it is known 
to be sensitised (Figure 2-7 and Figure 2-8). The sensitised regions serve as a preferential site for 





Figure 2-7: Schematic representation of the 
precipitation of M23C6 at the grain-boundary 
during sensitisation in austenitic stainless steel 
[12] 
 
Figure 2-8: Concentration [Cr] profile at a grain 
boundary. 
Sensitisation initiate at the grain boundaries as it is highly energised and there is high lattice 
mismatch between adjacent grains, thus with continuous heating more grain boundaries become 
sensitised. Figure 2-9 – illustrate austenitic stainless steel of AISI304 grade with varying carbon 
content at the temperature and durations that it becomes sensitised. 
 





The extend of sensitisation in austenitic stainless steel depends on factors such as carbon content 
of the metal alloy and the exposure durations to sensitisation temperature and many other design 
factors. According to Figure 2-9 supersaturation of steels with 0.062wt.%C is attained at the 
temperature of (600-850℃) at less durations, thus the sensitisation initiate faster, whereas the 
steels with 0.019–0.042wt.%C takes a considerable amount of time at lower temperatures (500-
670℃) to become supersaturated. Below 850℃ diffusion decreases exponentially while 
supersaturation increases exponentially resulting in different rate to which the carbides precipitate. 
The diffusion at the grain boundaries becomes more rapid in comparison to the diffusion within the 
bulk of the grain as the grain boundaries provide excellent nucleation sites. C-element diffuses at 
several orders of magnitude more rapidly than Cr-element; therefore, it diffuses together with Cr, 
through which the Cr-element is diminished in the grain boundaries . 
The Ni is one of the alloying elements that has secondary effects of increasing the carbon activity 
in solid solution facilitating the carbides precipitates, thus encouraging sensitisation. The presence 
of Mo-element behaves rather like Cr-element because it precipitates as carbide at grain 
boundaries which contribute to the materials Cr-depletion. 
Sensitisation in austenitic stainless steel is encouraged by high temperature exposure adjacent to 
weld joints reducing corrosion resistance at this region (HAZ). It is at welding temperatures that the 
depletion of Cr-element become less than 12wt.% at the grain boundaries precipitating continuous 
network of M23C6 (Figure 2-7). Different sections of the welded parts experience different heat/ 
thermal energy from the welding processes, at which the weld metal (FZ) introduces high 
temperatures dissipating the heat in to the HAZ that eventually affect some section of BM, hence 
sensitisation is not uniform across these regions. Figure 2-10 illustrates sensitisation due to thermal 
cycles at different sections of HAZ, represented by the marked points 1, 2, 3 and 4 experiencing 
varying thermal exposure. The shaded area represents the temperature and time at which these 
points/sections are sensitised. Temperature effects that is introduced at the FZ is dissipated to 
different HAZ with points 1, 2, 3 and 4 experiencing varying sensitisation at the temperatures of 
below 550 and above 850℃, at which points 2 and 1 experience most sensitisation at different 
times between 550–850℃. Point 4 show this area will be slightly affected as it is a bit further from 
the FZ–high temperatures and adjacent to the BM–lower temperatures. The weld joint gets cooled 
through conduction heat transfer by the cooler BM and through the radiation of heat to the 
surrounding medium i.e. air, water etc. If the steel is thicker the HAZ-BM interface at point 4 could 
also experience some level of sensitisation when conditions become favourable. Thus, for the 
thicker sections butt weld increases the heat input and time spent by the region of HAZ in the 
sensitisation temperatures. The carbides do not form in all the regions experiencing temperature 






Figure 2-10: Schematic diagram indicating the effect of thermal cycling in inducing sensitisation in 
different sections of HAZ exposed to temperature (1) Above 850℃, (2) at 850℃, (3) Between 
550℃ and 850℃ and (4) Below 550℃. 
 Corrosion of stainless steels  
Corrosion is a gradual degradation of a metal by means of an electrochemical reaction between 
the metal and the surrounding environment [31]. Electrochemical reaction takes place by means of 
anode and cathode reaction, also referred to as oxidation reduction (REDOX) reaction expressed 
by equations 6, equation 7, equation 8, equation 9 and equation 10 respectively. Corrosion impacts 
metals properties by degrading their usefulness such as their permeability to gases and liquids, 
appearance, deterioration of mechanical properties etc. Although stainless steels are frequently 
selected for their resistance to corrosion, they are not entirely immune to deterioration due to 
corrosion. Whether or not a stainless steel will be corrosion-resistant in a severe corrosive condition 
depends on combination of several factors such as aggressiveness of the environment, the 
employed manufacturing technique and the residual stresses within the material. The resistance to 
corrosion of stainless steel is attributed primarily to the thin passive film that forms spontaneously 
on its surface in oxidising environments, when the steel has a minimum chromium content of 
10.5wt.%. The thin passive film forms when alloying element of Cr interact with oxygen (O2) from 
atmosphere forming the chromium oxide (Cr2O3) layer on the surface adhering strongly to the metal 
substrate protecting the material from interacting with corrosive surroundings. The REDOX 
reactions initiating corrosion are efficiently hindered by the well-developed Cr2O3 layer [32]. 
However, the dented film perhaps, damaged or removed after mechanical damage to the surface 
exposing un-oxidized steel will cause REDOX reaction to initiate at these area. The dented film in 
stainless steel can mend by means of spontaneously re-passivation in oxidizing environment [13]. 
The corrosion type that generally affect stainless steels are related to permanent damage of the 




 Overview of stress corrosion cracking (SCC)  
The stress corrosion cracking (SCC) transpires through environmentally induced crack initiation 
and propagation that may lead to catastrophic failure of engineering material if not properly 
maintained. As cited in the previous sections, that stainless steels are the preferred design 
materials in combating corrosion problems mainly because of protective self-healing oxide layer 
that the material develops. However, when this protective film has defect i.e. locally damaged by 
mechanical means it will expedite corrosion attack in a very narrow region, with the rest of the 
undamaged area remaining protected [26]. The SCC manifest within the susceptible material when 
the following conditions coexist; corrosive environmental exposure in the presence of tensile stress 
(residual and applied stresses) within the material introducing cracks and subsequently crack 
growth. The Venn diagram (Figure 2-11) summarise conditions that necessitate the SCC initiation 
and progression. The SCC and other corrosion types such as pitting, crevice and intergranular 
attacks initiates more readily at pre-existing surface defects created by poor workmanship during 
maintenance and material handling, manufacturing or fabrication processes. The SCC can also 
initiate on smooth surfaces that are without previous defects or dents, but during operational 
conditions that do not adhere to design specifications. The SCC failure mechanism manifest as 
non-ductile fracture of metal derived from the co-occurrence of susceptible material having tensile 
stresses operating in corrosive medium. It is only when these aspects exist concurrently to produce 
corrosion cracks, when any of these aspects is eliminated the SCC initiation can be alleviate –
Figure 2-11 [7]. 
  
Figure 2-11: Venn diagram illustrating the three necessary conditions for SCC formation [7] 
The typical corrosive environmental exposure that could expedite the SCC defects in stainless 




H+) and basic environments (hydroxyl ions – OH-) with a specific concentration and temperature at 
a specific exposure duration [34]. When metals are exposed in a more complex electrolyte such as 
the environments containing the ions listed above, the galvanic series may be used to predict if the 
corrosion of the metal is possible. It should be noted that for some metals i.e. stainless steels, there 
are significant differences in the potential they are likely to exhibit. These differences are generally 
owed to the condition of the metal surface. If the oxide layer is compromised the potential may shift 
causing localised attack at the active sites.  
 Susceptible material 
The Venn diagram (Figure 2-11) shows that one of the fundamentals of SCC is the susceptibility 
of material to corrosion. There are several factors that can influence the materials to become 
susceptible i.e. metal alloy elemental composition, concentration of impurities or inclusions and the 
concentration intermetallic precipitates. The metallurgical conditions such as the presence of 
secondary phases at the grain boundaries including their compositions, grain boundary 
segregation, defects of the passive film etc can immensely contribute towards materials 
susceptibility. Similarly, the fabrication techniques of welding, forming, extrusion etc. can introduce 
inclusions and residual stresses within the material that will eventually exacerbate the material 
susceptibility to corrosion attack. 
 Alloy composition 
The alloy chemistry and microstructure have a very significant influence on SCC resistance of 
stainless steels. The corrosion resistance in steels can be improved through the modification of 
chemical compositions of the alloying elements such as selection of austenitic grades comprising 
of titanium (Ti) and nickel (Ni) as an alternative to the austenitic grades containing chromium (Cr) 
alloying element. The steels with increased Ni-element content of above 8wt.% will significantly 
improve the SCC resistance. Moreover, the austenitic grades that are not solution strengthened by 
adding carbon as alloying element i.e. AISI304L can be utilised especially when welding is a 
preferred fabrication technique to join components or parts as an alternative to selecting the 
austenitic grades of AISI304 which contains maximum carbon of 0.03wt.%. The austenitic stainless 
steel grades of AISI304L has low carbon content, therefore this grade is suitable for welding as the 
HAZ sensitisation can be reduced. Similarly, addition of alloying elements such as Mo-element and 
N-element improves the SCC resistance, through the beneficial effect of these elements on pitting 





 Passivation of stainless steels 
Stainless steels are naturally corrosion resistant metal alloys due their capability to auto-passivate 
by spontaneous formation of 1-3𝑛𝑚 thin oxide/hydroxide film. The film is formed naturally during a 
reaction between the metal and oxygen present in the surrounding environment and its main 
constituent is chromium oxide with significant contributions from iron and molybdenum oxides. 
However, the composition of the oxide film varies with alloying compositions within the stainless 
steel. The minimum chromium content of 10.5wt.%Cr is necessary for the formation of a stable 
oxide layer. Since the protective layer reduces the dissolution rate of the alloy elements it is usually 
referred to as the passive film. The significant property of stainless steels to resist corrosion is 
because of this surface film, and for effective protection it needs to completely cover the surface to 
reduce the reaction rate between the metal and the surroundings as it is non-reactive. Thus, the 
film hinders the electrochemical reactions from commencement or even advance. The passive film 
is fragile and porous, and can be removed with ease, but during construction and handling of large 
components it is usually removed or damaged mechanically through machining or grinding and by 
high thermal exposure from welding and heat treatment. When the impaired material is not 
maintained accordingly the corrosion properties of stainless steel may be compromised. Even 
though the passivation layer can be damaged to an extend that the material beneath is exposed, it 
is capable of naturally repairing itself if the base stainless steel is free from contaminants. When 
there is contamination on the stainless steel surface, chemical treatment viz. pickling and 
passivation are applied to the surface to remove contaminants and assist the formation of a 
continuous chromium oxide and or passive film [35]. 
 Tensile stresses 
Tensile stresses in engineering assemblies have detrimental effect on the structural integrity having 
negative effects on fatigue performance, brittle fracture and corrosion properties. The residual 
stresses are inherently introduced through different manufacturing processes, even though their 
adverse effects are mostly apparent in the weld joints [36]. Welding procedures produce residual 
tensile stresses through traces stress as a function of strain and temperature during heating, 
melting, freezing and cooling of the weldments. The distribution of these stress across a complete 
butt weld is demonstrated in Figure 2-12. In the welded metal high tensile stresses (𝜎𝑋) are 
apparent, with substantial compressive stresses in the BM necessary to resolve total stress state 
to zero. During welding operations softening and thermal expansion resulting from heating up of 
the metal due to thermal input is enough to cause plastic deformation in the BM adjacent to the 
molten fusion zone (FZ). Succeeding freezing and thermal contraction, the tensile stresses up to 




magnitude of the residual tensile stresses introduced through welding operations are influenced by 
the geometry of the structure [25]. 
 
Figure 2-12: Distribution of stress across a butt weld of the two plates [25] 
The residual tensile stresses introduced by means of welding practices can be appreciated as they 
affect SCC in transverse and longitudinal planes to the butt weldments (Figure 2-12). Welding 
operations produce a geometric discontinuity in the cross section, which concentrate the applied 
or residual stresses having the resultant SCC failures originating at the toe of the weld. The 
importance and the magnitude of such stresses are often underestimated, as they can have 
damaging consequences on the structural integrity or even catastrophic consequences if left 
unnoticed. High residual stresses concentration make weldments the weakest point for all forms of 
environmentally induced cracking, and will often lead to crack development preferentially at the 





 Corrosive environment 
The corrosive environment necessitates the atmosphere that can provide the electrochemical 
driving force for the corrosion reactions to initiate. Environmental factors that will promote the metal 
alloy to become prone to cracking include saline conditions at high chlorides concentrations (Cl-), 
low pH or acidic conditions (H+) and high pH or basic conditions (OH-), high temperature 
surroundings, and absence or lack of oxygen etc. It is well known that the halide, particularly 
chlorides, owing to its presence in many environments, attacks the passive layer and can lead to 
local breakdown of the protective oxide film.  
The temperature variable expedites the corrosion depending on type of corrosive medium that the 
susceptible materials are exposed, e.g. fully immersion of the material in aqueous salt solutions, 
acidified and or basic solutions. In aqueous salt solutions there is a synergistic relationship between 
the chloride concentration and the dissolved oxygen, thus when oxygen concentration is between 
0.01𝑝𝑝𝑚 and 0.1𝑝𝑝𝑚 in a low to moderate chloride concentrations, it is less likely to initiate the 
cracks or even for the cracks to develop in austenitic alloys. In the field environment such as those 
near coastal regions the humidity from sea can accumulate to form the localised hostile corrosive 
ions of hydrogen (H+) and chloride (Cl-) which yields more aggressive conditions on the material 
surface.  It is at these conditions that stainless steels can initiate cracks at room temperature and 
low service temperatures which are less than the temperatures required to initiate cracks when the 
steel is fully immersed in aqueous solutions. The chloride levels necessary to initiate cracks in 
austenitic stainless steels are relatively lower than 10𝑝𝑝𝑚. This is particularly true in the 
environments that have evaporating or concentrating mechanisms such as those having dry and 
wet interfaces or a film of solution in direct contact with the hot or warm surface. In these conditions 
the low chloride levels (3.5-5wt.%NaCl) in solution can have higher chloride concentrations and 
when the water is evaporated on the exposed area the REDOX reaction can advance and the 
corrosion indications will manifest [35].  
 Electrochemical/ Reduction Oxidation reactions (REDOX)  
For the cracks to initiate and advance to encourage SCC progression, the corrosive exposure is 
one of many attributes to this failure mode in steels. The electrolyte properties to initiate SCC are 
the dissolved oxygen, pH, conductivity, concentrations and temperature. In aqueous solution the 
metal corrosion is almost always electrochemical comprising of half-cell reactions of reduction and 
oxidation (REDOX) reactions. In arranged electrochemical cell the metal gives up electrons to the 
surroundings (anode), whereas the cathode gains/accept electrons from the anode as presented 





Anodic reaction for corroding metals:  
M → Mn+ + n𝑒−                                                                                                                      Equation 6 [37] 
Where n is the number of electrons (e-) released by the metal, meaning the loss of electrons by 
the metal atoms (equation 6). 
Rusting is a complex process. Equations 7 below demonstrate the oxidation reaction, whereby the 
electrons loss by iron and is oxidised to iron (II) ions: 
Fe → Fe2+ + 2𝑒−                                                                                                                Equation 7 [37] 
Crucial to the formation of rust is the accompanying reduction/ oxidation (REDOX) reaction 
between iron and oxygen in the presence of water, see Equation 8 below representing iron (II) ions, 
loss of electrons and are oxidised to iron (III) ions by oxygen   
4Fe2+ + O2 → 4Fe
3+ + 2O2−                                                                                           Equation 8 [37] 
Cathodic reactions:  
Cathodic reduction reactions commonly occur in nature in neutral or basic solutions containing 
dissolved oxygen, illustrated by equations 9 and 10. 
O2 + 2H2O + 4𝑒
− → 4OH−                     Aerated neutral to alkaline water                       Equation 9 [37] 
O2 + 4H
+  +  4𝑒− → 2H2O                        Aerated acidic solutions                                       Equation 10 [37] 
In the absence of all other cathodic reduction reactions, water can become an oxidizing agent and 
gains electrons as illustrated by equation 11. 
2H2O + 2e
− → H2 + 2OH





 Metallurgical behavior of duplex stainless steel 
Commercially produced SAF2205 has an inhomogeneous microstructure, whereby each phase 
has a different response to the applied stress [36]. Ferrite-𝛿 and austenite−𝛾 phases have different 
coefficient of thermal expansion and have a phase-specific residual stresses that are introduced 
through quenching from the solution-annealing temperatures. The residual stresses are the 
resultant of micro and macro-stresses of the formed or welded metallic material, whereby the micro-
stresses are of tensile nature in the austenite (𝛾)-phase and compressive in the ferrite (𝛿)-phase. 
These stresses are found to be higher in the transverse direction when compared to the rolling 
direction. Furthermore, the highest stresses are mostly found in the austenite(𝛾)-phase and they 
comprise of more complex texture since their micro-stresses increase with an increase in load in 
macroscopic elastic regime. The stresses become saturated during plastic deformation or 
dislocation motion. Following 2.5% of total plastic deformation the stresses are higher in the 
austenite(𝛾)-phase because of the complex microstructure of DSS generating heterogeneous 
stress distribution. The surface macro-stresses are equal in both phases (𝛾 and 𝛿) and they differ 
on a large scale when compared to material micro-stresses and their presence may affect the 
corrosion resistance of steels. The average stress that contributes in SCC are considered as the 
overall surface macro-stresses and the surface micro-stresses [2]. 
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CHAPTER 3 : EXPERIMENTAL DESIGN AND MATERIALS 
 Welding protocol for AISI304 and SAF2205 
The SAF2205 test plates were welded on site and the AISI304 test plates were welded by the 
Marine & Industrial welding specialist sourced through UCT. The test material plates of SAF2205 
and AISI304 were welded using similar welding method of gas tungsten arc welding (GTAW). The 
two test pieces from the tested bulk material (AISI304) were sectioned to the dimensions of 
150×150×24𝑚𝑚3, with one plate end chamfered to a V-shape by machining the edge and the other 
plate was left with the flat edge. The two prepared plates were aligned ensuring that there is a joint 
gap size of 2𝑚𝑚 between the flat edge and the chamfered V-shaped plate. The prepared plates 
were joined with a single-K-groove butt weld [Figure 3-1 (a)]. The GTAW technique was applied to 
seam the two plates for a high quality welded pad of 300×150×24𝑚𝑚3, as presented in Figure 3-1 





Figure 3-1: (a) Groove weldment preparation on SAF2205 and AISI304, (b) Side view for single 
groove and flat plate prepared for welding. 
The AISI304 stainless steel plates were joined by means of the GTAW welding technique using ER 
308L welding consumables, whereas the SAF2205 was welded with E2209Ti-4 filler wire. The filler 
metal was selected such that the chemical compositions match those of the parent metal  
(Table 7). During solidification of the weld pool to room temperature the regions adjacent to the FZ 
(HAZ and BM) consist of distinctly different microstructures [14]. In order to characterize thermal 
effect on the material during welding, specimens were precisely sectioned to be specifically 










V-chamfered plate  
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Table 7: Chemical composition for ER 308L filler material used to seam weld AISI304 and E2209Ti-
4 used to seam SAF2205 [37]. 
Filler material (ER 308L) chemical composition used to weld AISI304 (wt. %) 
Elements Fe Cr Ni Mo Mn C S P N Si 
Compositions Bal 18.19 8.07 N/A 1.21 0.039 0.002 0.026 0.042 0.55 
Typical chemical composition of E2209Ti-4 filler material for welding SAF2205 (wt.%) 
Compositions Bal 22.671 5.156 3.041 1.802 0.023 0.01 0.0271 0.169 0.304 
 Welded plates for AISI304 specimens sectioning  
Two AISI304 plates were sourced from the supplier having dimensions of (200×100×25𝑚𝑚3). One 
plate was modified by machining to a V-shape edge at UCT workshop, while the other plate was 
left with flat edge. The prepared plates were welded by Marine & Industrial welding specialist. The 
welding protocol was completed as explained in the previous section using GTAW technique to join 
the two plates. The flat rectangular strip of AISI304 specimens exposed to stress corrosion cracking 
test, were sectioned from these welded plates ensuring that weldments is maintained in the middle 
of specimen as shown in Figure 3-3. The extracted specimens were modified by adjusting 
specimen length from 250𝑚𝑚 to 75𝑚𝑚 with the weld maintained in the middle for the intergranular 
attack testing. 
 Welded plates for SAF2205 specimens sectioning  
The four of welded SAF2205 plates were cut-offs from both sides of the welded bulk material done 
on site. The received welded plates had dimensions of 300×60×24𝑚𝑚3 were provided as shown 
in Figure 3-2 (a) and (b). 




Figure 3-2: (a) Plate 1- SAF2205: 2× Samples from bulk material, (b) Plate 2 - Additional 2× welded samples 
of SAF2205 extracted from the bulk welded plate, sample plated received from the industry.  
The SAF2205 and AISI304 specimens used for the bend-beam SCC exposure test and 
intergranular attack test were sectioned at the positions illustrated in Figure 3-3 from the welded 
plates which were further machined to the flat rectangular strip in accordance to ASTM G39 [38]. 
 AISI304 and SAF2205 specimen matrix for stress corrosion testing 
The prepared specimens used to perform SCC test in the salt spray chamber and Strauss test for 
intergranular corrosion attack were precisely sectioned from the welded plate joints. The geometry 
of the sectioned flat rectangular specimen’s was intended that it is easy to handle when it is affixed 
on to the specimen holder and it also encompasses the mimicked welded material conditions at 
the weld zones (FZ, HAZ and BM) such as those experienced on site or field.  
 Corrosion specimen’s matrix and material conditions 
The specimen’s geometry used for cyclic corrosion test and intergranular corrosion attack test 
permits that the bending moments are imposed directly at the welded region of the bend-beam. 
The specimens were sectioned with excess thickness of ±0.04𝑚𝑚 using the WEBM-HS wire 
cutting machine at UCT machine workshop. The extra specimen thickness allowed the removal of 
the ripple effect and uneven surface caused by the wire cutter through grinding without damaging 
the specimens, but to obtain smooth surface finish that is within tolerance of the specification 
(ASTM G39). Each specimens were labelled as SAF2205 or AISI304 as well their heat treatment 
conditions of 500℃/3h, 800℃/2h, as-received BM and as-weld (Table 8). The specimens were 
also labelled with dates for traceability during salt chamber cyclic corrosion testing and for 








Sample 1 Sample 2 
Sample 3 Sample 4 
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Table 8: Bend beam test specimen matrix for welded AISI304 and SAF2205 stainless steel grades 
AISI304  
No. of specimens 
for as-received BM 
No. of specimens for 
as-weld 
No. of specimens for 
PWHT at 500℃/3h 
No. of specimens for 
PWHT at 800℃/2h 
3 3 3 3 
Tested  No. of AISI304 specimens for SCC exposure 12 
SAF2205 
3 3 3 3 
Total No. of SAF2205 specimens for SCC exposure 12 
The sectioned specimens from the welded plates (Figure 3-3), with the specimens’ geometry 
specified in Appendixes B: Figure 7-1, were mounted on the AISI304 and SAF2205 specimens 
holders shown in Appendixes B: Figure 7-3 and Figure 7-4 respectively. The mounted bend 
specimens were exposed to the cyclic corrosion test in conditions in the salt chamber. The 
specimen mount was designed using non-conductive material to prevent galvanic corrosion from 
occurring (ASTM G-39) [38]. Similarly, the specimens used for the intergranular test were cut from 
the same position with the different specimen’s dimensions illustrated in Appendixes B:Figure 7-2. 
 
Figure 3-3: The orientation and the location of the sectioned bend-beam specimens at the positions 
marked “A”, “B” and “C” at the top: T, middle: M and bottom: B. 
One side of each test specimen was initially surface ground at the UCT workshop to remove the 
uneven ripple effect with the opposite side left without grinding. The specimens were further hand 
grounded using silicon carbide (SiC) abrasive paper of sizes; 220grit, 500grit, 800grit and 1200grit 
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progressively until the surface was free from flaws. The final rinse off usingr water followed by 
ethanol (C2H5OH) to remove the remaining minute residue and for speedy dry off using an air blow 
dryer to prepare for the hand polishing step was done. The manual polishing was accomplished by 
applying diamond based polishing paste containing a monocrystalline diamond suspension and 
lubricants in the order of 9µ𝑚, 6µ𝑚, and 3µ𝑚. The specimens that did not require further heat 
treatment were coated on one side (non-polished side) using Neoprene water proof polymer-based 
paint and labelled accordingly (Table 8). The opposite side (polished side) was left unpainted so 
that the electrolyte can interact with the prepared surface during the SCC exposure test [Figure 3-4 
(a) and (b)]. 
  
Figure 3-4: (a) One sided neoprene painted specimens, (b) One sided unpainted for exposure 
prior ready for mounting on to the specimen holder 
 Heat treatment to accelerate deleterious intermetallic phases and carbides 
at the HAZ of tested stainless steel grades 
To achieve adequate stress relief in AISI304 grade, the material is heat treated at temperatures 
between 425℃ and 925℃. When high temperatures of ±870℃ are applied for heat treatment about 
85% of the residual stresses are relieved. However, the M23C6 precipitation at the grain boundaries, 
thereby resulting in sensitization that severely impairs corrosion resistance properties at the areas 
affected by heating i.e. near the weld regions (HAZ). Heating of austenitic stainless steels to lower 
temperatures of 425−550℃ is preferred because the precipitation of M23C6 is very slow. Slow 
diffusion due to these temperature conditions enables material to be heated for several hours 
without sensitisation occurring [39]. This treatment may not be very efficient in reducing residual 
stresses of the welded material [12]. 
The SAF2205 grade comprises of austenite-𝛾 and ferrite-𝛿 matrix which suffers from decomposition 
process during isothermal aging within the critical temperature range of 650–950℃ resulting in the 
precipitation of secondary phases. The formed secondary phases are known to be deleterious to 
(a) (b) 
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corrosion attack of the duplex stainless steels, since they are considerably enriched in chromium. 
The heat treatment schedule to accelerate these detrimental phases in SAF2205 stainless steel is 
as tabulated in Table 9. Likewise, the procedure to complete the heat treatment to emphasize the 
detrimental secondary phases in the weldments of SAF2205 and AISI304 specimens are similar, 
see Table 9. 
 Sensitisation post weld heat treatment for AISI304 and SAF2205 
The detrimental precipitates and secondary phases of the studied materials were exaggerated as 
per heat treatment schedule tabulated in Table 9. The post weld heat treatment (PWHT) of 800℃ 
for 2 hours and 500℃ for 3 hours was carried out on the rectangular thin strip specimens prepared 
from the welded plates. Prior to the heat treatment specimens were coated with spirit-based coating 
(Foseco-Isomol 100) on the prepared side and they were left for ±30minutes to dry up. The coating 
was applied to minimise the oxidation on the exposed specimens’ surface during the high 
temperature heat treatment. The K-type thermocouples were attached to uncoated side to read the 




Figure 3-5: (a) Naber industriofenbau D-2804 Lilienthal/ Bremen furnace equiped with external 
thermocouple and (b) Specimen batch coated with Faseco Isomol 100 ready for heat treatment. 
The electric box furnace was preheated to achieve the heat treatment temperatures of 800℃ and 
500℃ before placing the coated specimens inside. Timing of the PWHT durations of 2 and 3 hours 
(Table 9) was done when the heated specimens attained the required temperature. The PWHT 
was completed by heating the specimens of AISI304 and SAF2205 in batches of three at a time 
[Figure 3-5 (b)]. The heat-treated specimens were removed from the furnace and air cooled to room 
temperature by exposing them to atmospheric conditions for 24 hours before they were cleaned to 
remove the coating and any deposited oxide layer to prepare for the SCC exposure test in the Q-
FOG salt chamber. 
(a) 
(b) 
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Table 9: Heat treatment schedule to exaggerate the detrimental intermetallics and carbides in the 
welded AISI304 and SAF2205 specimens 
Heat treatment to exaggerate the carbides precipitate in AISI304 HAZ 
Heat treatment 
Temperature (℃) 




800 2 Air 
500 3 Air 
Heat treatment to exaggerate the precipitation of deleterious secondary phases  
(𝝈-phase and 𝝌-phase) in SAF2205 HAZ 
800 2 Air 
500 3 Air 
 Strain gauge installation, preparation and handling 
The strain gauge of type, KFC-20-C1-11, having thermal output of 1.8𝜇 /℃ and resistance of 120Ω 
was used to measure the strain imposed to AISI304 and SAF2205 specimens. The initial specimen 
surface preparation was done by grinding and polishing before the strain gauge was installed. For 
the strain gauge to adhere perfectly on to the specimen weldments the bonding area was kept 
clean by wiping the surface repeatedly after it was rinsed with ethanol solution until there was no 
trace of grease or debris detected on the gauze sponge and thus ready for the gauge installation. 
The strain gauge was carefully removed from the acetate envelope by holding the edge of the 
gauge backing with tweezers and placing it on a glass plate. M-line PCT–2A cellophane tape 
(±120𝑚𝑚) was used to handle and lift the strain gauge from the glass plate without damage. This 
was done by lifting the cellophane tape at an angle of approximately 40° ensuring that the gauge-
terminals are intact with the gauge. The markings on the gauge were accurately aligned with the 
marked specimen centreline at the weld. The M-Bond 200 catalyst was applied to speed up the 
adhesive bonding between the strain gauge and the specimens. The gauge was then attached by 
single stroke wiping over the taped gauge using the gauze sponge, followed by applying thumb 
pressure to the gauge and the terminal area to warmup the adhesion for quick drying before the 
tape was removed. 
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 Electrical wire connection to the strain gauge  
The strain gauge grid was protected by covering with drafting tape thereby exposing only the solder 
tabs or terminal. By using a soldering pencil, the resin-core solder wire was placed flat on the strain 
gauge tab and pressed firmly with the tinned hot soldering tip adding ±3𝑚𝑚 solder at the edge of 
the tip. The soldering pencil was lifted to complete soldering at the terminals by progressive deposit 
of the solder mound. The electric wires were separated by approximately 20𝑚𝑚  and the insulation 
was stripped off (13𝑚𝑚) on both ends of the electrical wires (Red→positive and Black→negative) 
and twisted. The twisting action was done to coalesce the loose wires so that they are easily 
soldered with the strain gauge terminals. The soldering of terminals was completed in accordance 
with ASTM E123 [40]. The soldered terminals were finally cleaned with solvent and soft brush to 
remove residual flux.  
 Determination of specimen bend angle and specimen holder design 
The studied materials were prepared in accordance with ASTM-E1237 [41] to install the strain 
gauge at the bend weldments. The strain gauge approach to bend the specimen to reach the 
calculated elastic strain limit so that the metal is prepared for cyclic corrosion test inside the salt 
chamber at a stress level just below the yield stress was carried out. The flat rectangular specimens 
were bend so that it is fixed on the specimen holder span and to create stresses at the apex that 
are below yield stresses. The specimen flexing was determined experimentally by obtaining the 
yield strain, demonstrated in Figure 3-9 and Figure 3-10, that it matches the calculated yield strain 
(Table 10). The actual yield strains for SAF2205 and AISI2304 specimens were obtained by 
applying the Young’s Modulus relationship (Equation 12). The actual yield stress (𝜎𝑦) for the tested 
materials was obtained from the stress-strain relationship (Figure 3-7: SAF2205 and Figure 3-8: 
AISI304) through application of tensile testing technique explained in § 3.4.2.1–3 below. The 
measured strain was accomplished by means of trial and error method through manipulating the 
degree of bending without overbending the specimens beyond the materials yield stress (𝜎𝑦). See 







Experimental design and materials 
48 
 
 Tensile test  
Tensile tests were completed at the Centre of Materials Engineering (CME) laboratory, University 
of Cape Town (UCT) using Zwick universal 1484 tensile test machine equipped with load cells 
[Figure 3-6 (a)]. Constant strain rate of 1 × 10−3𝑠−1 was applied to pull round dog-bone tensile test 
specimen depicted in [Figure 3-6 (b) and (c)] and the specimen geometry specified in Appendix B: 




Figure 3-6: (a) Zwick universal 1484 tensile testing machine at UCT, CME laboratory, (b) Tension 
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 SAF2205 materials yield strain determination  
Five tensile test specimens of SAF2205 were machined and tested to the obtain the stress versus 
strain relationship presented in Figure 3-7 .  
 
Figure 3-7: Combined stress-strain curve for the tested five SAF2205 specimens 
The tested SAF2205 specimens followed the expected stress-strain trend shown in Figure 3-7 
demonstrating similar behaviour with no outlier. The experimental UTS for SAF2205 material was 
measured at ±770MPa which was slightly higher than the UTS values from Material Certification 
(745MPa), but still within the expected UTS range of this material. The experimental YS was 
measured to between 475–600MPa due to the continues nature of yielding in the duplex steel, 
which was slightly higher than the YS values from SAF2205 grade Material Test Certificate  
(460–581MPa), see Appendix C: Table C-1 [43]. The SAF2205 demonstrated high ductility and 
high strength (Figure 3-7), so severe forming operations such as cold heading are generally 
possible. The ductility of SAF2205 is less than that of AISI304 grade (Figure 3-8). 
 AISI304 material yield strain determination 
Tension test were completed using five representative standard dog bone shaped samples of 
AISI304. Two of five the dog bone specimens were tested successfully, with their tension test 
results presented on the same stress-strain axes shown in Figure 3-8 below. Tensile test results of 
the remaining three specimens were disregarded as their stress–strain plot was not according to 
the expected AISI304 stress-strain trends. This was due to the flawed sample gripping mechanism 
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mechanical wedge action tensile grip was dismantled and cleaned at the UCT mechanical 
workshop to improve their gripping capabilities. The improved gripping mechanism resulted in 
attaining tensile properties of two of the five AISI304 tensile specimens, with their stress-strain 
relationships shown in Figure 3-8 below.  
 
Figure 3-8: Combined stress-strain curve for two AISI304 samples 4 and 5 
The stress–strain plots for the two AISI304 samples 4 and 5, which were successfully tested without 
flaws trended as expected following AISI304 stress versus strain trends. The UTS for AISI304 
specimens was measured to be 663MPa (Figure 3-8), which was higher than the standard UTS of 
515MPa. The measured YS of ±250MPa was also higher than the standard YS value of 205MPa, 
as shown in Appendix C: Table C-2.1 [43]. 
Tensile yield properties for the evaluated materials clearly demonstrate higher strengths for 
SAF2205 grade at 600MPa, which is more than twice that of AISI304 grade with the measured 
yield strength of 250MPa. The stress–strain relationship for AISI304 grade demonstrated high 
ductility of this material in comparison to SAF2205 grade. Conclusively both material grades of 
SAF2205 and AISI304 possess excellent mechanical properties which are attractive for design 
engineering. 
 The elastic tensile strain calculations for AISI304 and SAF2205 materials 
The elastic tensile strain( 𝑦) was calculated to determine the maximum elastic stress that can be 


















Stress strain curve - AISI304 stainless steel  
304 Sample 4
304 Sample 5
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Through the application of the Young’s Modulus relationship (Equation 12), the elastic tensile strain 
for both tested materials are shown in Table 10 below. 
Table 10: Calculation of yield strain (𝜺𝒚) for AISI304 and SAF2205 stainless steels 
Young Modulus relationship:   𝑦 =
σy
E
                                                                  Equation 12 
Where: 𝑦 = Yield strain (Dimensionless)  
𝐸 = Modulus of elasticity (GPa) 
𝜎𝑦 = Yield strength (MPa)  
AISI304 SAF2205 
𝜎𝑦(𝐴𝐼𝑆𝐼304) = 241MPa  
𝐸 = 193GPa =193000MPa [44] 
𝜎𝑦(𝑆𝐴𝐹2205) =  470MPa 
𝐸 =  200GPa = 200000MPa [44] 






𝑦(𝐴𝐼𝑆𝐼304) =  0.001249 × 1000000 
𝑦(𝐴𝐼𝑆𝐼304) = 1249𝜇𝑠𝑡𝑟𝑎𝑖𝑛 






𝑦(𝑆𝐴𝐹2205) =  0.00235 × 1000000 
𝑦(𝑆𝐴𝐹2205) = 2350𝜇𝑠𝑡𝑟𝑎𝑖𝑛 
 Strain gauge approach for bending AISI304 and SAF2205 specimens  
In order to bend the flat strip specimens of AISI304 and SAF2205 to reach the calculated elastic 
strain, the specimens were positioned on top of the adjustable stressing jig, which was then flexed 
to create a bend or an arch with the weldment experiencing more stress at the apex of the formed 
arched. The measured strain values corresponding to the degree of bending was confirmed to 
correspond to the calculated strain ( 𝑦) obtained in Table 10 for each of the tested material. The 
distance from both ends of the bent specimen or the sides of the bending jig where specimens are 
supported, was measured using a Vernier callipers to measure the length for the holder span 
design (H in 𝑚𝑚) to securely support the mounted specimen and thus maintaining the measured 
strain. This was accomplished by bending the specimens to reach the calculated elastic strain 
values at 1249𝜇𝑠𝑡𝑟𝑎𝑖𝑛  and 2350𝜇𝑠𝑡𝑟𝑎𝑖𝑛 for AISI304 ( 𝑦𝐴𝐼𝑆𝐼304) and SAF2205 ( 𝑦𝑆𝐴𝐹2205) 
respectively. Specimen bending was cautiously done to prevent the material from plastic 
deformation allowing the specimens to spring back to zero strain or to its original flat shape when 
the strain is released. The experimental set up for the strain measurement is presented in Figure 
3-9, showing mounted specimens with strain gauges affixed at the centreline prior to placing the 
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unit on top of the stressing jig. Figure 3-10 displays the assembled strain gauge unit connected to 
HBM sensors connected to Catman software used for data acquisition, and the computer monitor 
to display the measured yield strain. 
 
Figure 3-9: Stressing jig equipped with stressing 
lever for bending the specimen attached to strain 
gauge. 
 
Figure 3-10: General set up for strain 
measurement test. 
 Holder/mount design for AISI304 and SAF2205 specimens 
The specimen holder was designed in accordance with ASTM G39, whereby the holder span (H) 
measurements were attained from the strain test by measuring the distance between the two ends 
of the arched specimens without yielding, and simultaneously measuring the actual strain. The 
holder span design values for AISI304 and SAF2205 where attained as follows; H𝐴𝐼𝑆𝐼304 at 248𝑚𝑚 
and H𝑆𝐴𝐹2205 at 244𝑚𝑚. The holder span measurements were attained using a flat specimen of 
original length (𝐿𝑜 of 250𝑚𝑚) and bent at a distance of 2𝑚𝑚 and 6𝑚𝑚 (𝐿𝑜 − 𝐻 ) to create an arch 
with a desired yield strain for ISI304 and SAF2205 specimens respectively (Figure 3-11). The actual 
holder span measurements (H𝐴𝐼𝑆𝐼304and H𝑆𝐴𝐹2205) are presented in appendix A-Table 19. To 
maintain the stress within the elastic limit of the tested materials, the relationship between the 
original specimen lengths (𝐿𝑜) and the distance between the holder span supports (𝐻) was kept 
within the limitations of 0.01 and 0.5 as specified in ASTM G39, see appendix A (b). 
 The assembly of bent beam specimens in the holder 
The specimens were successfully mounted on the holder span by means of bending into an arch 
shape securely supported by two side frames [Figure 3-11 (a) and (b)]. The arch shape creates a 
bending moment associated with tensile stress on the outer radius or apex of the bent specimen. 
The stress developed varies from zero at the outer supports to a maximum at the centre of the 
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designed to be 4𝑚𝑚 high at 90°[Figure 3-11 (a) and (b)], which tightly holds the arched specimen 
in to position and maintaining the stress within the elastic region. It was equally important that the 
material selection for the holder design is non-conductive to inhibit different modes of corrosion 
such as galvanic corrosion from taking place [38]. Polyvinyl Chloride of PVCSG252000100 material 
was used to fabricate the specimen holder to eliminate the probability of galvanic corrosion. 
 
Figure 3-11: (a) Bent beam loading frame with 
the loaded sample.  
 
(b) Schematic of bent beam specimen – ASTM 
G39-99 [38]. 
A total of forty specimens with twenty of each of the test materials (AISI304 and SAF2205) were 
machined and surface ground to adjust to the specimens’ geometry profile (Appendix B: Figure 
7-1). Twelve of the twenty specimens from each of test material set were exposed to the salt 
chamber for cyclic corrosion testing conditions, with the remaining eight specimens used for testing 
for intergranular corrosion attack. Each of the twenty four (twelve of each tested material) prepared 
specimens were mounted on to the specific designed holder to maintain the stressed region in the 
mid-length of the mounted specimen as illustrated in [Figure 3-11 (a) and (b)]. The specimens were 
carefully inserted into the holder span so that it does not deform permanently. 
 Corrosion test environment 
There is a wide range of test methods available to investigate the physical and corrosion behaviour 
of stainless steels. Accelerated laboratory tests are useful for a constrained period to perform 
corrosion tests, since they are relatively fast in availing results and reproducing data. These testing 
techniques are also preferred because numerous specimens of similar and or different properties 
can be tested simultaneously without affecting the other. Two different test approach were used, 
namely exposure in a salt spray chamber and short-term immersion using the Strauss test. 
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 Salt spray chamber corrosion test method 
The salt spray-test process is one of many accelerated corrosion experimentation techniques that 
provide controlled laboratory corrosive conditions used to produce relative corrosion information 
for metallic specimens exposed to harsh conditions in the test chamber [45]. Traditional salt spray 
exposure test practice specifies combination of functions automated to exaggerate the conditions 
experienced in the field or on-site using salt spray (Q-FOG) apparatus-ASTM B117. 
The Q-FOG cyclic corrosion tester was programmed to continuously operate for the duration of the 
test with the only human intervention being to refill the salt solution when the tank is at low level. 
Under normal environmental exposure, stainless steels may take many years before any type of 
corrosion manifests. Thus, in order to expedite corrosion, it is important to design and or select the 
programme on the Q-FOG cyclic corrosion tester that will mimic the desired corrosive conditions 
producing corrosion failure mode that simulates those of exposing stainless steel to the marine 
environment [45]. The specimen’s exposure test was an ongoing process until the test was 
terminated only when the indications of corrosion failures were confirmed. 
 Procedure for accelerated exposure using Q-FOG Cyclic Corrosion Tester  
The Q-FOG salt spray chamber was operated in a continuous cyclic mode of varying operating 
conditions which were automated to simulate the marine conditions. The tests were carried out 
using a sodium chloride solution at 5w.t%NaCl concentration as stipulated in ASTM B117-18 [45]. 
Since the actual atmospheric exposures typically comprise of wet, dry and humid conditions it was 
necessary to mimic these conditions upon which the pre-programmed machine mode of CCT-1 
was selected from the Q-FOG salt spray chamber control panel. The CCT-1 mode was previously 
specified by Japanese automotive manufacturers which used to test corrosion for the car body 
parts in saline surroundings [46]. The exposure conditions specify the use of 5wt.%NaCl, at the 
exposure cycles alternating at various temperatures i.e. 35℃, 40℃, 50℃ and 60℃ and different 
duration. The CCT-1 programmed cycles (x4) are presented in the flow diagram in Figure 3-12 and 
§ 3.5.2.1-8 below. 




Figure 3-12:Q-FOG salt chamber exposure conditions and durations  
The cycles for the CCT-1 functions were programmed to alternate between the application of fog, 
humidity and dry off at two different temperatures. When the cycles set duration elapse they were 
repeated by resetting the timer to the desired duration in days. The cyclic corrosion test was carried 
out continuously for a period of 10 months. 
 Cycle 1: 4 hours of salt fog application at 35℃ 
The Q-FOG CCT-1 functions are configured such that the salt solution contained in the tank is 
transferred into the chamber via a spray nozzle. The solution is atomised by mixing with 
compressed air at the outlet nozzle to form fine brine mist which is distributed evenly throughout 
the chamber by diffusers. The atomizing air is saturated with water vapour from a boiler or 
vaporiser, fed from a Reverse Osmosis (RO) water unit (Figure 3-13). Potable water from the 
municipality is purified before supplied to the boiler fed from the RO unit.  
Temperature (35℃) required for the fog application is maintained by heaters situated at the bottom 
of the chamber (Figure 3-14). Likewise, temperature requirements for the mist, dry-off and humid 
application is controlled by the heater in the salt chamber that is at a pre-set temperature. The 
solution flow rate is controlled by pump speed also at a set point, programmed from Q-FOG CCT 
salt spray machine control panel.  
Cycle 1: Fog 
application at 
35℃ for 4 hours
Cycle 2: Dry off 
application at 60℃
for 2 hours
Cycle 3: Dry off 
application at 40℃
for 30 minutes
Cycle 4: Humidity 
application at 50℃
for 2 hours





Figure 3-13: RO system to produce purified water used in the Q-FOG CCT-1 salt spray chamber 
 
Figure 3-14: System flow configuration for the Q-FOG CCT-1 [47] 
 Cycle 2: dry-off air applied at 60℃ for 2 hours  
Following Cycle 1 for salt fog application, the dry-off function during cycle 2 is activated for 2 hours. 
The dry-off function configuration is through the activation of air blowers and the fans equipped 
with filters sucking air from the atmosphere (in the room) into the chamber. Dry off temperature of 
up to 60℃ is maintained by air heaters and chamber heaters. The heaters are automatically 
activated to provide the heating function of inlet air from the atmosphere to the chamber via 
blowers. The heated air is evenly distributed to the specimens through the diffusers, situated above 
the chamber heaters. The Q-FOG unit configured for dry-off function is depicted in Figure 3-15 
below. 












Figure 3-15: Q-FOG CCT-1-unit configuration during dry-off function [47] 
 Cycle 3: 30 minutes dry-off application at 40℃ 
Cycle 3 has a similar function as cycle 2 of drying off the chamber by sucking air from the room 
with the fans and blowing into the chamber via heaters. The hot air provides the dry off function in  
cycle 3 is similar to that of cycle 2. The difference is the heated air temperature in cycle 3 is 
maintained at 40℃ by the air heater and chamber heaters located at the bottom of the Q-FOG unit. 
The dry off function is held for 30 minutes, with operational configuration as presented in Figure 
3-15. 
 Cycle 4: 2 hours humidity at 50℃ and RH greater than 95%  
The purified water produced by the RO unit is fed into the Q-FOG machine vapour generator or 
boiler creating steam that is maintained at 100% Relative Humidity (RH) in the salt chamber. The 
diffusers distribute the humidity to the entire chamber which it is uniformly deposited on to the 
specimens. The secondary function of the vapour generator heaters is to maintain the chamber 
temperature at 50℃. The operational configuration for cycle 4 is presented in Figure 3-16 below. 




Figure 3-16: The Q-FOG CCT system configuration for the humidity function [47] 
 Repeating all the CCT-1 cycles  
The CCT-1 programmed cycles - 1 to 4, were repeated for 10 months until corrosion indications or 
corrosion become evident during periodic inspections. The images of the inspected specimens 
were taken and logged for the duration of exposure period except for weekends and public holidays. 
 Arrangement of test specimens inside the Q-FOG salt chamber  
Test specimens mounted on the PVC specimen holders were placed on the solid fibre-reinforced 
plastic support situated above the diffusers enabling greater dispersion of the fog, humidity and the 
hot air produced by Q-FOG machine. Specimen arrangement in the salt chamber depicted in  
Figure 3-17 permits the exposure conditions to be evenly distributed so that the corrosive medium 
can interact with the specimens without restrictions. The exposed SAF2205 and AISI304 
specimens are separately arranged on the racks to prevent any means of contamination or 








 Figure 3-17: Bent-Beam specimen arrangement inside the Q-FOG salt chamber racks 
AISI304 specimens 
SAF2205 specimens Chamber-Fog collector  
Diffusers 
Spray Nozzle 
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 Atomization and quantity of fog by means of fog collection procedure  
The uniform distribution of the fog and the humidity throughout the chamber is beneficial for the 
specimen exposure consistency and for corrosion results that represent the exposure conditions. 
Two fog collectors were strategically positioned in the Q-FOG chamber such that one fog collector 
is placed near the spray nozzle and the second fog collector is placed ±90𝑐𝑚 away from the spray 
nozzle positioned in a manner that it does not collect the sample condensates. The exposure fog 
rate was maintained at 1.0–2.0𝑚𝑙/ℎ𝑟 and the collected condensate pH at 6.4–7.2 per 80𝑐𝑚2 
horizontal collecting area after the chamber has been operating for at least 16 hours or more [45]. 
The fog condensate volume, pH and the concentrations were recorded on a weekly basis and 
maintained within this specification (ASTM-B117) [45]. A typical funnel-fog collector arrangement 
in the Q-FOG chamber is shown in Figure 3-18 and Figure 3-19, highlighting collecting points “A” 
and “B”. 
 
Figure 3-18: Two fog collector set-up in a Q-FOG 
chamber [40] 
 
Figure 3-19: Fog collector arrangement [40] 
 Electrolyte solution used to generate corrosive environment 
The specimens were exposed to the electrolyte solution of 5wt.%NaCl concentration  
(NaCl(aq) → Na+ + Cl-) dissociated to the ions of sodium and chloride at intermittent temperatures of 
35℃, 40℃, 50℃ and 60℃. The exposure conditions of fog and humid are created inside the 
chamber depositing sodium chloride moisture on the specimens by means of the chamber cyclic 
operation. Aqueous sodium chloride solution of 3.5wt.%NaCl concentration is normally used to 
simulate sea water in the laboratory set up, but when conducting the cyclic corrosion test using the 
Q-FOG salt spray chamber, 5wt.%NaCl aqueous solution is recommended to exaggerate the 
exposure conditions inside the chamber (ASTM-B117) [48]. Salt solution of 5wt.%NaCl was 
prepared by dissolving sodium chloride salt granules (NaCl(s): Mass = 1.235𝑘𝑔) in 25𝐿 of distilled 
water complying to ASTM-D1193 [49]. The electrolyte was prepared in batches on a weekly interval 
100𝑚𝑚 Diameter funnel 
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so that the salt granules are completely dissolved prior to transferring to 120𝐿 holding tank. The 
prepared salt solution was left for two days to a week for the salt granules to dissolve to prevent 
clogging of the spray nozzles [45]. The electrolyte was kept within the specification of 5±1wt.%NaCl 
and the pH of 6.4 – 7.2. Tank levels were monitored daily and maintained at high levels to prevent 
the low tank level alarm from activating. The reagent grade of sodium hydroxide (NaOH) and 
hydrochloric acid (HCl) were used to adjust the pH when the salt solution was out of specification 
for acidity or basicity [25]. 
 Exposure by immersion test in copper-copper sulphate–16% sulfuric acid (Cu–CuSO4-16% 
H2SO4): Strauss test 
The Strauss test was completed to investigate the intergranular behaviour of the two welded 
studied stainless steels (AISI304 and SAF2205). The test was carried out in accordance with ASTM 
A262 practice E, by immersing the specimens in acidified copper sulphate solution using 16% 
sulphuric acid. Eighteen specimens of AISI304 and SAF2205 weldments were prepared to conduct 
intergranular attack for the material conditions of as-weld, PWHT 800℃/2h and PWHT 500℃/3h. 
The Strauss test was conducted by embedding two samples between two layers of copper chips 
forming a sandwich arrangement (i.e. Cu chips–specimens–Cu chips) before it was immersed in 
acidified CuSO4 solution. The arranged intergranular attack test set up was brought to boil at a pre-
set temperature of 100℃. A set of two specimens from the same material of AISI304 and SAF2205 
were boiled in acidified CuSO4 solution at a time. 
 Specimen preparation for acidified copper sulphate solution immersion test 
Flat rectangular specimens of 75×25×1𝑚𝑚3 ( [38], were cut such that regions of FZ, HAZ and BM 
were maintained at the centreline. These specimens were hand ground using SiC abrasive papers 
with the grit sizes of 500grit, 800grit and 1200grit respectively. The prepared specimens were 
rinsed with demineralised water to remove dirt followed by degreasing with ethanol solvent before 
they were submerged into the Cu-CuSO4-16%H2SO4 exposure medium. 
 Apparatus set up and preparation of acidified CuSO4 solution used for Strauss test 
Apparatus used for the intergranular attack test included the following: four-neck round-bottom flask 
equipped with four bulbs, Allihn condenser equipped thermometer for temperature reading and an 
electric hot plate used for heating the solution. The vaporised solution was cooled with the 
municipal water via Allihn condenser equipped with the water inlet pipe connected to the cooling 
water source and outlet pipe removing the heat from the vaporised solution. The evaporated 
solution was condensed back in to the flask maintaining adequate level of the test solution for the 
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duration of the test. A round-bottom flask was used to contain the experimental arrangement of 
copper grindings with embedded specimens immersed in 1000𝑚𝐿  CuSO4 solution containing 16% 
H2SO4. The test solution was prepared in accordance with the ASTM-A262 practice E, by mixing 
100g of reagent grade copper sulphate (CuSO4.5H2O) with 900𝑚𝐿 distilled water and 100𝑚𝐿 of 
95–99% H2SO4. Sufficient amount of copper grindings or shot were used to cover the surface of 
the specimens by forming a 3−layerd sandwich arrangement in the empty flasks prior to adding the 
prepared test solution. This was done to ensure effective galvanic coupling between copper chips 
and the test specimen as it important for intergranular attack testing. The assembled test apparatus 
was placed on the electric hotplate which was set to maintain the solution boiling temperature of 
100℃. The arranged test apparatus was placed in the fume hood extractor for the duration of the 
test. Thermometer was placed inside the solution via one of the flask necks to monitor the 
temperature of the solution throughout the testing duration of 15 hours. The timing of the test period 
began when the solution reached the boiling point and the thermometer was constantly reading 






















Figure 3-20: Apparatus for Cu–CuSO4-16% H2SO4 immersion test 
Allihn Condenser 
with 4 bulbs  




hot plate  
Copper Chips  
Thermometer  
Round-bottom flasks 
filled with  
Cu-CuSO4-16%H2SO4 
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Clamp to support the 
apparatus  
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 Bend test approach after immersion test 
After the immersion test was complete the test solution left for 24 cool down to room temperature. 
The specimens were removed and etched to identify and mark the centre of specific weld region 
so that bending moments are imposed at these regions during material qualification. The bend 
regions were examined using light microscope technique to qualify the materials using qualitative 
evaluation criteria as per ASTM A262. In particular, the outcome of the ASTM A262 test was 
decided by determining the degree of bending that is required to initiate cracks at the bend sample 
area (HAZ, FZ and BM). A degree of localised surface plastic deformation was confirmed after 
substantial displacement of specimen during bending and without evidence of cracks. 
 Intergranular attack evaluation on AISI304 and SAF2205 using bend test criterion 
After the Strauss test was completed, the specimens were cooled to room temperature and rinsed 
with the distilled water and ethanol. The region of interest was marked by etching the sample to 
identify the weld zones, FZ, HAZ and BM interface [Figure 3-21 (a) and (b)]. The Zwick tensile 
testing machine equipped with a 3-point bending rig was used to bend the exposed specimens. 
The surface on which the weld-FZ and HAZ was marked is indicated by the arrow in [Figure 3-21 














Figure 3-21: (a) Specimen geometry used in Strauss test, (b) The measured 75x25x1𝒎𝒎3 flat 
specimen, (c) Specimen bended on Zwick bending jigs, ( d) Specimen bend angle measurement 
using the combination square set protractor 
The various specimens were aligned in the bend rig to test each of the regions A, B and C as 
indicated in [Figure 3-21 (a)]. The specimen marked regions were bent intermittently by 
displacements of 1𝑚𝑚 increments until the displacement measurement of 5-10𝑚𝑚 was read on 
computer monitor [Figure 3-21 (c)]. In between the bending intervals, the load was released freeing 
specimens from the load and the surface effect was examined for intergranular attack using the 
light microscope. Defects or indications such as fissures, wrinkles, deformation lines and cracks 
were analysed at the apex of the bent surface. The surface analyses were completed accompanied 
by measuring the specimen bend angle using the combination square set protractor to determine 
the angle at which the defects were detected [Figure 3-21 (d)]. This was repeated for every bend 
at 1𝑚𝑚 displacement for 5 to 10 times until the bend angle of 27° for FZ, 40° for HAZ and 60° for 
BM was measured. The termination angles were determined by bending of specimens at a specific 
region (FZ, HAZ and BM) and when the indications of cracks start to become evident, the bend 
angle was then measured and used as a reference to measure the rest of the samples. 
A B C 
(c) (b) 
(d) 
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 Microstructural Characterization  
Microstructural properties of an engineering alloy are largely influenced by thermal treatment, 
chemical composition and various production processes. The evaluation of materials metallurgical 
microstructure plays a significant role in distinguishing properties of one alloy as opposed to the 
other. The material’s microstructure has a direct influence on its performance towards susceptibility 
to corrosion and mechanical properties. In view of this rationale, evaluation of AISI304 and 
SAF2205 to characterise the morphology, topography, fractography, microstructure and compound 
information was completed. The use of light illumination microscopy was done to analyse the 
microstructures for the distinct weldment regions (HAZ, FZ and BM) and their evolution during 
PWHT at a meaningful magnification. The analysis using the light microscope technique was 
adopted to examine the exposed surface quality post SCC exposure tests and intergranular attack 
tests. Likewise, electron illumination microscopy using the detectors for backscatter electrons 
(SEM-BSE) and energy dispersive X-ray spectroscopy (SEM-EDS/EDX) were deployed to identify 
and analyse the metallic alloy compositions in microstructure. 
 Light microscopy analysis  
The micrographs for the representative microstructures of the weld regions were acquired using a 
NIKON Eclipse MA200 Inverted microscope equipped with camera for the material 
photomicrographs. The examined micrographs revealed features such as grains, grain boundaries, 
phase contrast, twinning and inclusions. The Leica MZ8 low power light microscope was used to 
analyse the surface topography for general surface features such as cracks, fissures, deformation 
lines, wrinkles and other defects during intergranular attack analysis. The SCC defects such as 
pits, corrosion products and cracks were also analysed using the Leica MZ8 microscope. 
 Specimen preparation for light microscopy analysis 
The specimens of AISI304 and SAF2205 were sectioned to represent the following regions of 
interest; FZ, HAZ and BM to characterise microstructural evolution due to welding and the effect of 
PWHT. The microscopy characterisation for these welded regions was completed in the specified 
conditions of as-received, as-weld and PWHT at 500℃/3h and PWHT at 800℃/2h. The specimens 
were sectioned so that the welded regions of interest are represented before mounting with resin 
using a hot-press. This action was followed by progressive surface grinding with SiC wet grinding 
paper (250-grit, 500-grit, 800-grit and 1200-grit). Specimens were mechanically polished for a final 
mirror like surface finish. The prepared specimens were etched by means of selective chemical 
etching using two different etching techniques for each of the studied materials to reveal the 
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microstructure for microscopy analysis. The AISI304 specimens were etched by applying an 
etchant containing 3-parts glycol (C2H6O2), 2-parts hydrochloric acid (HCl) and 1-parts Nitric acid 
(HNO3) to cover the polished area. The etchant was applied using a syringe to the AISI304 
specimen which was left for 30 seconds before it was rinsed off with distilled water and ethanol, 
followed by air-drying using blow dryer.  
The SAF2205 specimens were etched using an electro-etching technique to reveal the distinct dual 
structures of ferrite-𝛿 and austenite-𝛾 in the BM and the distinct features of the welds regions (BM, 
FZ and HAZ) through contrast enhancement/staining (Figure 4-6). The electro-etching technique 
was executed in accordance with the ASTM A923 standard, test method A. The apparatus used to 
complete the electrical circuit to successfully electro etch SAF2205 specimens using sodium 
hydroxide (NaOH) electrolyte are listed below as follows: 
i. Source of Direct Current (DC) – Top-ward dual tracking DC power supply 6303D powered 
at the voltage of 2V at the current flow of 9A – 15A, applied for 30 seconds.  
ii. Cathode – Cylindrical piece of platinum (Pt) metal. 
iii. Electric clamp to hold specimen – Conductive metal tong with non-conductive holders.  
iv. Electrolyte – NaOH reagent grade at 10N concentration which was prepared by mixing 40g 
of NaOH and 50ml of distilled water. 
The electrical circuit was completed using the apparatus listed above, ensuring that the current 
flow from the anode (sample) to the cathode (Pt metal) via 10N [NaOH] electrolyte for a period of 
±30s, thus etching the specimen (anode) by means of selective corrosion. The etched specimens 
were instantly rinsed with demineralised water and then ethanol followed by air drying using a blow 
dryer before they were ready for the microstructural examination using light microscope and 
electron microscope. 
 Scanning Electron Microscope (SEM) 
The scanning electron microscope (NovaNano SEM) was employed to generate surface images of 
the specimens at microscopic level employed at magnification greater than those achievable using 
light microscopy to analyse features such as microstructure, morphology and elemental 
composition. 
 Specimens preparation for scanning electron microscopy (SEM)  
The specimens were cautiously removed from the mounting resin (unmounted) and cleaned with 
distilled water and acetone solvent to remove minute debris/dust or any extraneous materials, 
followed by drying before they were attached to the aluminium SEM specimen stubs. The prepared 
specimens were attached to the SEM specimen stubs with agar silver paint and or conductive 
carbon adhesive tape. The assembled specimens were sputter coated with a layer of conductive 
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carbon at 5-50𝑛𝑚, to provide a conduction path for the non-conductive phases that might be 
present within the microstructures, so that they can be imaged using scanning electron microscope 
technique. 
 Energy Dispersive X-ray Spectroscopy (EDX/ EDS) analysis 
The type NovaNano SEM 230 microscope was employed to acquire information on the exposed 
specimen’s elemental composition through the launch of energy dispersive X-ray spectroscopy 
detectors (SEM-EDS/EDX) collecting the emitted signals from the specimen’s atoms and detecting 
the characteristics X-ray from the specimen to producing imaging at high resolution. The technique 
was used to identify the secondary phases formed as a result of welding and heat treatment within 
specimens’ welded regions and to quantify the elemental compositions by pre-selecting the field of 
view or spot selection at the areas of interest. Compositional analysis is dependent on the electron 
interaction volume with the analysed specimen to emit X-ray excitation photon which has a 
wavelength that is characteristic for the element. The EDS characterisation effectiveness is mainly 
because of the fundamental principle that elements having a different atomic structure emitting a 
unique set of peaks on its electromagnetic emission spectrum, which is the principle of 
spectroscopy. For the excitation of characteristic X-rays from field of view, high energy beam at 
20keV, charged with primary electrons was focused into the specimens pre-selected zone or point. 
The penetration depth of the X-ray beams is at few microns suggesting that chemical data obtained 
could possibly contain information beneath the surface layers. 
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CHAPTER 4 RESULTS AND DISCUSSION 
 Long term salt spray exposure tests 
The inspections revealed the corrosion progression for SAF2205 and AISI304 specimens exposed 
under similar conditions and durations in the Q-FOG cyclic corrosion tester. The SCC tests using 
the Q-FOG salt chamber were only terminated when severe corrosion was observed on the apex 
of the bent specimens. Selective weekly visual inspections to quantify the effects of the cyclic 
corrosion exposure test on the exposed AISI304 and SAF2205 specimens was performed. The 
exposed specimen surface features were analysed to determine the corrosion extent and type. 
Specimens images were taken during inspections which are chronologically presented in Table 11: 
As-weld, Table 12: PWHT at 500℃/3h, Table 13: PWHT at 800℃/2h and Table 14: As-received 
BM. The tabulated results compare corrosion progression for the tested materials before exposure 
followed by selective weekly inspections. The affected surface was qualitatively analysed by 
comparing tested material surface texture and corrosion surface damage.  
 Salt chamber exposed materials in the as-weld condition 
Table 11 demonstrates the inspected surface condition of exposed materials in the as-weld 
condition. It can be observed that AISI304 specimens started showing corrosion indications during 
week 11 with increasing deterioration during each inspection with extended exposure durations. 
During week 13 pitting corrosion had already initiated at the apex (weld filler metal) of the AISI304 
bend specimens. With further exposures during week 27 to the final week of inspections corrosion 
pits had exacerbated revealing flaws of dark brown corrosion product patches, corrosion pits and 
passive film breakage [Figure 4-1 (c)].  
SAF2205 specimens on the other hand illustrated corrosion resistance properties as there were no 
corrosion defects such as pits, cracks and corrosion products like the ones inspected in AISI304 
specimens. The welded specimens of SAF2205 showed resistance to corrosion even after 
extended salt chamber exposure durations as illustrated in Table 11 and Figure 4-1. 
 Exposed materials in the PWHT at 500℃/3h condition 
Table 12 illustrates the tabulated results for AISI304 and SAF2205 specimens that were PWHT at 
500℃/3h prior to exposure in the salt chamber for the cyclic corrosion test. Observations showed 
that under this condition AISI304 specimens behaved like the specimens in the as-weld conditions. 
Corrosion flaws in the form of numerous micro-fissures and minute pits accompanied by red and 
Results and discussion 
68 
 
brown corrosion product were visible during week 6. With the extended exposures, during week 45 
the flaws had progressed forming more pits and dark brown corrosion products which created a 
crust covering the metal substrate as demonstrated in [Figure 4-2 (c) and (e)]. Occlusion of 
corrosion products had propagated to the extent that it prevented observation of the pits on the 
metal surface. A cracked dark brown corrosion layer was cleaned using neutral activator and rinsed 
with distilled water and blow dried in order to analyse the crack origin. Light microscopy analysis 
confirmed that the crack was not from the metal substrate but instead it was breakage of the 
passive layer, see [Figure 4-2 (e)].  
SAF2205 specimens revealed insignificant corrosion product at the apex during inspections. From 
the initial inspection during week 6 to the final inspections during week 45, it can be observed that 
the NaCl containing solution had selectively precipitated and accumulated the salt at the stress 
point and or flawed region leading to the insignificant red/brown corrosion products -Table 12. 
 Exposed materials in the PWHT at 800℃/2h condition 
Inspections conducted on AISI304 specimens, which were PWHT at 800℃/2h and exposed to the 
cyclic corrosion test, revealed their susceptibility to the salt chamber exposure conditions. During 
week 6 corrosion was observed to have initiated at the apex and edges of AISI304 specimens. 
These are the stress regions whereby they become anodic leading to localised corrosion, and 
hence there was evidence of red/brown corrosion products at these regions. The corroded regions 
had propagated with exposure durations forming corrosion pits growing to week 43 of inspections 
-Table 13. During the final inspections in week 43 corrosion products had developed to a dark 
brown colour with cracks. In order to inspect the specimen surfaces, the oxide film was cleaned 
using neutral activator as described in the preceding section (§ 4.1.2). The cleaned AISI304 
specimens were analysed further, whereby the broken oxide was removed or cleaned and not 
mistaken for cracked metal substrate. A significant number of pits was also witnessed [Figure 4-3 
(c) and (e)]. 
On the other hand, the exposed SAF2205 specimens in the conditions of PWHT800℃/2h were 
analysed to be insufficiently affected by the cyclic corrosion test exposures in comparison to the 
AISI304 specimens exposed to comparable heat treatment conditions, see Table 13. SAF2205 
specimens had crystallised NaCl selectively on the specimens which could be easily wiped or 
rinsed off with water [Figure 4-1 (b), (d) and (f)]. 
 Exposed materials in the as-received conditions  
Table 14 sequentially tabulates the cyclic corrosion exposure test results for AISI304 and SAF2205 
during selective weekly inspections. Observations on the exposed AISI304 revealed corrosion 
initiating between week 3 and 8 of exposure, with the evidence of minor red corrosion products at 
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the specimen’s apex and edges where there is high stress concentration. The inspected region 
becomes more saturated with corrosion product with the extended exposure durations that initiated 
minute pits selectively covering the specimen.  
SAF2205 specimens had no indications of corrosion flaws until final inspections during week 43, 
as can be seen in [Figure 4-4 (b), (d), and (f)]. The white NaCl crystals observed on SAF2205 
specimens can be easily removed by swabbing with a cloth or rinsing with water leaving the 
specimen surfaces like before exposure tests.  
 Summary of exposure tests for SAF2205 and AISI304  
In summary the imaging results can be concluded that in the first week of exposure, both materials 
had no defects or indications of corrosion products or rust. However, with the extended exposure 
durations the deposition of red/brown corrosion products started to initiate at the apex of AISI304 
specimens in the heat treated and untreated specimen conditions, whereas the SAF2205 
specimens were not affected by similar conditions. Cyclic corrosion exposure test results were 
interpreted using light microscope surface imaging at acceptable magnification as presented in 
Figure 4-1, Figure 4-2, Figure 4-3 and  
Figure 4-4. 
SAF2205 specimens demonstrated trends of not being susceptible to salt chamber cyclic corrosion 
exposures in two specimen conditions namely; as-weld and as-received. Whereas the SAF2205 
specimens that were PWHT at 800℃/2h and 500℃/3h demonstrated insignificant degree of 
proneness to corrosion after minor corrosion products were observed. The PWHT at 800℃/2h 
SAF2205 specimens had no traces of iron oxide (Fe2O3)/ rust for more than 15 weeks of cyclic 
corrosion exposure test. Instead there were deposits of white NaCl crystals from the crystallised 
fog and humidity of NaCl moisture created within the salt chamber [Figure 4-1, Figure 4-2, Figure 
4-3 and  
Figure 4-4, see (b), (d) & (f)]. 
The noticeable trend for the exposed AISI304 specimens was the early appearance of defect such 
as corrosion products which formed a cracked crust of rust and pitting during the extended 
exposure durations. Contrarily, the corrosion products on SAF2205 specimens was not as prompt 
compared to AISI304 specimens.  
The onset of corrosion products was visible in week 11 to week 13 of the as-weld AISI304 
specimens, but only became visible in week 6 for the specimens that were PWHT. On the other 
hand, the as-weld SAF2205 specimens had no corrosion products on them. The onset of corrosion 
was only visible on SAF2205 specimens PWHT at 800℃/2h and 500℃/3h during week 20 and 
week 45 respectively.  
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Table 11: Cyclic corrosion exposure results for AISI304 and SAF2205 specimen in the as-weld condition  
 Welded  specimens (represented by white dashed lines) in the as-weld condition 


































Figure 4-1: CCT-1 exposure results for the as-weld condition specimens : 
Week 13 of exposure (a) AISI304 & (b) SAF2205; Week 27 exposure  
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Table 12: Cyclic corrosion exposure results for AISI304 and SAF2205 specimen in the PWHT condition of 500°C for 3 hours 
Welded specimens (represented by white dashed lines) and then heat treated at 500℃ for 3h 




































Figure 4-2: CCT-1 exposure results for the 500℃/3h PWHT 
specimens; 15 weeks of exposure (a) AISI304 & (b) 
SAF2205 (c); AISI304 at week 17 (d) SAF2205 at week 18; 
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Table 13: Cyclic corrosion exposure results for AISI304 and SAF2205 specimen in the PWHT condition of 800°C for 2 hours 
Welded specimens (represented by white dashed lines) and then Heat treatment at 800℃ for 2h 
Duration AISI304 SAF2205 
  



































Figure 4-3: CCT-1 exposure results for the 800℃/2h PWHT 
specimen after 15 weeks (a) AISI304 & (b) SAF2205; After 20 
weeks of exposure (c) AISI304 & (d) SAF2205; After 43 weeks 
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Table 14: Cyclic corrosion exposure results for AISI304 and SAF2205 specimen in the as-received condition 
As-received condition (Not welded) 
Duration AISI304 SAF2205 
  
























Figure 4-4: CCT-1 exposure results for as-received 
specimen after 15 weeks (a) AISI304 & (b) SAF2205; After 
28 weeks (c) AISI304 & (d) SAF2205; After 43 weeks (e) 
















  200𝜇𝑚 
Results and discussion 
74 
 
 Exposure in boiling Cu-CuSO4-16% H2SO4 solution 
Following the different specimen treatment by immersion test in boiling Cu-CuSO4-16%H2SO4 
solution, the bend test was performed to qualify the susceptibility to intergranular attack. The bend 
specimens were examined with light microscopy at the apex of the bent region at low magnification. 
The bright field light illumination microscope of type Leica DFC 280 stereo and Nikon optiphot was 
used to complete the topographic examination of the outer radius of the bend specimens in 
accordance to ASTM A262. The surface features after the bend test were evaluated using the 
following criteria; smooth surface [Figure 4-5 (a)] implies the absence of intergranular attack, 
whereas presence of the indications such as those of fissures or cracks denoted presence of 
intergranular attack [Figure 4-5 (b)]. When evaluation results are ambiguous with the analysis 
revealing surface ductility properties i.e. wrinkles, deformation lines, dimples etc., then these defects 
are disregarded as they do not indicate intergranular attack failure mode [Figure 4-5 (c)].  
 
Figure 4-5: (a) Passing test specimen, (b) Failing test specimen, (c) Unclear but passing results 
The appearance of deformation lines on the bend specimen surface i.e. wrinkles and or “orange 





(a) (b) (C) 
50𝜇𝑚 50𝜇𝑚 50𝜇𝑚 
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 Intergranular attack test results and discussion 
After exposure in the boiling Cu-CuSO4-16%H2SO4 solution, the region of interest, namely FZ, BM 
and HAZ, were marked in order to ensure that maximum deformation occurred at these regions 
during the post-exposure bending test marked as points “B”, “A” and “C” respectively shown in Figure 
3-21 (a).The weld regions were bend and extended at 1𝑚𝑚 displacement intervals or until failure 
occurs by cracking. These are comparative tests and hence the exposed specimens were bent at 
increasing angles until cracking was identified on either AISI304 or SAF2205 specimens at a region 
of interest viz. FZ, HAZ and BM shown in Table 15, Table 16 and Table 17 respectively.  
 Fusion zone (FZ) analysis  
The acidified Cu-CuSO4 treated FZ specimens of AISI304 and SAF2205 were gradually bent at 1𝑚𝑚 
displacement intervals at which the bend angle was measured in between the bending intervals. The 
FZ of less ductile material (SAF2205 - PWHT at 800℃/2h) cracked when the specimens were bent 
at 27° after 10𝑚𝑚 displacement. Thus, the measured bent angle of 27° was was used as the 
reference to bend all the FZ marked specimens. Two of AISI304 and SAF2205 specimens that were 
initially exposed in the boiled acidified Cu-CuSO4 solution were precisely marked at the FZ, followed 
by bending of the marked region as explained above. The apex of the 27° bend FZ specimens were 
examined using light microscopy thereafter. The analysed FZ for both tested materials in the 
conditions of as-weld and PWHT at 500℃/3h revealed wrinkles and deformation lines without 
significant defects or indications of fissures and or cracks. The observed surface features of wrinkles 
and deformation lines are normally disregarded, following evaluation criteria stipulated in ASTM 
A262 as discussed in the previous section. Thus, the analysed weld region (FZ) for both tested 
materials under specified conditions were found to be free from intergranular attack. PWHT at 
800℃/2h AISI304 FZ-specimens bent at 27° followed comparable trends. Conversely, SAF2205 FZ-
specimens PWHT at 800℃/2h exposed to similar test conditions displayed crack defects of less 
ductile nature which could be seen with the naked eye. Thus the SAF2205 material in the PWHT at 
800℃/2h condition was confirmed to be susceptible to intergranular attack under the specified  
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Table 15: Intergranular attack bent test results conducted on FZ bent at 27° 
FZ at 27°bend angle 























































 Heat affected zone (HAZ) analysis  
The bend test was completed on the marked region ”C” representing specimens HAZ as 
demonstrated in [Figure 3-21 (a)]. The bending angle at the HAZ was performed using a similar 
procedure for bending the FZ as cited in § 4.2.1.1. The measured bend angle of HAZ at which the 
less ductile specimen (SAF2205 PWHT at 800℃/2h) crack failed was at 40°. HAZ specimens of 
AISI304 and SAF2205 were bent at 1𝑚𝑚 displacement intervals until 40° bend was measured. The 
apex of the bend specimens was analysed for surface defects between the bending intervals. The 
40° bend results for the HAZ specimens in the conditions of as-weld, PWHT at 800℃/2h and 
500℃/3h are tabulated in Table 16 below. AISI304 HAZ specimens followed comparable trends with 
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dimples, uneven surface, fissures etc.). Thus 40° bending of HAZ for AISI304 and SAF2205 
specimens in the conditions of as-weld and PWHT at 500℃/3h, confirmed the absence of 
intergranular attack. Conversely, SAF2205 HAZ specimens at the PWHT at 800℃/2h condition that 
was initially exposed to Cu-CuSO4 solution and then 40° bent showed visible cracks as demonstrated 
in [Table 16 (f)], whereas the AISI304 specimens that was exposed to similar conditions 
demonstrated minute fissures that are typically disregarded for intergranular attack evaluation as 
shown in [Table 16 (e)].  
Table 16: Intergranular attack bent test results conducted at the HAZ bent at 40° 
HAZ at 40°Bend angle 























































 Base metal (BM) analysis  
The marked BM specimens were bent at 1𝑚𝑚 displacement intervals and analysed using light 
microscopy with the bend angle measured in-between intervals. Intergranular qualification bend test 
results presented in Table 17 were achieved by 60° bending of BM marked as “A” in Figure 3-21 for 
tested SAF2205 and AISIS304 specimens in the conditions of as-weld-BM, PWHT at 800℃/2h and 
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lines, wrinkles, dimples and minute fissures which are generally disregarded for intergranular attack 
evaluation since these are features caused by plastic deformation of the near surface microstructure. 
The analysis can be concluded that the BM for both tested materials under treatment conditions of 
as-weld BM, PWHT at 800℃/2h and 500℃/3h are not prone to intergranular attack even when bent 
to higher angles of 60°, see Table 17 below.  
Table 17: Intergranular attack bent test results conducted at the BM bent at 60° 
BM at 60°Bend angle 
























































Intragranular attack results presented in Table 15, Table 16 and Table 17 can be summarised to 
highlight that the welded material of SAF2205 PWHT at 800℃/2h was found to be less ductile in 
comparison to AISI304 PWHT at 800℃/2h due to the brittle crack formation. The material also 
demonstrated to be prone to intergranular attack at the weld regions of FZ and HAZ because of its 
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Parent metals for both tested materials demonstrated their ductile properties at the conditions of as-
weld, PWHT at 8000℃/2h and 500℃/3h. The SAF2205 parent metal in all of exposure conditions 
demonstrated some level of ductility through uneven surface with minute dimples and deformation 
lines that were observed (Table 17). This type of surface topography is usually disregarded as failure 
criteria for evaluating intergranular attack for metals. Thus, the parent metal for both studied 
materials were inspected not to be susceptible to intergranular attack under the specified conditions. 
The specimens of AISI304 in the conditions of as-weld, PWHT at 800℃/2h and 500℃/3h revealed 
surface topography associated with surface plastic deformation, and consequently they were 
disregarded for proneness to intergranular attack, and it can be concluded that this material at the 
specified conditions does not suffer intergranular attack. 
 Microstructural Characterization results 
Optical light microscopy was applied to reveal the microstructures of etched AISI304 and SAF2205 
welded specimens in the as-weld condition and in the PWHT at 800℃/2h. The two specimens’ 
conditions were analysed using light microscopy techniques to characterise any transformed 
intermetallic phases that might have precipitated at the areas of interest. The studied specimens 
were prepared in accordance to the ASTM E3 “Standard guide for preparation of metallographic 
specimens”. Light optical microscopy was initially used to evaluate the evolution of the base metal 
microstructure owing to thermal effects during the welding process. Metallographic study was also 
carried out for the imaging of topographical and or general microstructural features at the regions of 
HAZ, FZ and BM as shown in Figure 4-6 and Figure 4-7 in § 4.3.1–2.  
 Optical light microscope microstructures of welded SAF2205 in the as-weld condition 
Microstructural evolution of welded SAF2205 material in the condition of as-weld, and PWHT at 
800℃/2h was studied to characterise the anticipated dual phases present in BM and the transformed 
intermetallic phases that might have nucleated at the regions of interest due to high thermal exposure 
introduced by the welding procedure, and subsequently exaggerated by the applied post weld heat 
treatment. Microstructural evolution of the BM to HAZ and the solidified welding consumables (FZ) 
were initially evaluated using the light illumination microscopy to assess the resultant micrographs 
at the specified regions of interest before and after 800℃/2h PWHT. 
The analysed SAF2205 specimen, in the as-weld condition revealed the anticipated dual phase 
microstructure of austenite-𝛾 comprising of twinning and ferrite-𝛿 specifically at the region that was 
not thermally affected by welding operations–BM, as seen in [Figure 4-6 (a)]. The revealed 
microsructure of austenite-𝛾 and ferrite-𝛿 phases within the BM matrix comprised of elongated 
BM 
20𝜇𝑚 
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Figure 4-6: As-weld results (a) BM Microstructure–SAF2205: 𝜹-Ferritic phase and 𝜸-Austenitic phase, (b) HAZ 
Microstructure– SAF2205, (c) FZ Microstructure–SAF2205, (d) BM, HAZ and BM microstructure–SAF2205 
The SAF2205 weld metal – FZ micrographs was revealed using light microscopy and exhibited 
significant difference from those of the HAZ and BM as shown in [Figure 4-6 (b), (c) & (d)]. The weld 
microstructure at the FZ followed the ferrite-austenite solidification mode by forming ferrite-𝛿 in the 
matrix immediately after the solidification promoted by the ferrite-𝛿 forming elements (Cr, Mo and Si) 
within the weld metal. As the weld cools down to room temperature the austenite (𝛾)-precipitate 
nucleates in the ferrite (𝛿)-matrix in three forms of Widmanstӓtten structure of austenite-𝛾, grain 
boundary austenite-𝛾 and intragranular austenite-𝛾 grains. The elongated Widmanstӓtten structure 
of austenite (𝛾)-phase and the intragranular austenite-𝛾 microstructure are presented at high 
magnification shown in [Figure 4-7 (b) & (e)] and [Figure 4-7 (c) & (f)] at the FZ. Solidified FZ 
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 Optical light microscope microstructures of welded SAF2205 PWHT at 800℃ for 2 hours 
Post weld heat treated SAF2205 specimens in the conditions of 800℃ for 2 hours were tested to be 
prone to intergranular attack particularly at the weld regions of FZ and the HAZ, whereas the BM 
showed some level of ductility and not prone to intergranular attack during the bend qualification 
test, discussed in § 4.2.1. The FZ, HAZ and BM of SAF2205 specimen, PWHT at 800℃/2h, were 
examined further alongside the specimens that were in as-weld condition to compare the 






Figure 4-7: (a) BM Microstructure – SAF2205 in the as-weld condition showing 𝛿-ferritic phase and 𝛾-austenitic 
phase, (b) HAZ Microstructure – SAF2205 in the condition of as-weld, (c) FZ Microstructure – SAF2205 in the 
condition of as-weld, (d) BM Microstructure – SAF2205 PWHT at 800℃/2h, (e) HAZ Microstructure – SAF2205 
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SAF2205 FZ specimens revealed microstructure comprising of primary austenite (𝛾′) islands in 
ferritic (𝛿)-matrix shown in [Figure 4-7 (c)]. Whereas [Figure 4-7 (e)] exposed the allotropic austenite 
(𝛾′) forming needle like morphology nucleated heterogeneously at ferrite-𝛿 grain boundaries  
[Figure 4-7 (f)]. Secondary austenite (𝛾2) nucleated and grew from the primary austenite (𝛾
′) which 
is known to take place through the following phase transformation: 𝛿 → 𝛾′ → 𝛾2 was revealed in the 
form of solidified dendritic microstructure in the FZ. 
 Light microscopy analysis of AISI304 in the as-weld condition 
Figure 4-8 presents the micrographs of the AISI304 weldment regions (FZ, HAZ and BM), revealed 
using the Nikon inverted metallurgical light microscope-ECLIPSE MA200, equipped with Nikon  
DS–L3 camera control unit for live imaging and image capturing. Microscope images were captured 
to distinguish the detailed microstructure of the specimens’ field of view. The metallurgy of the 
AISI304 welded joint can be categorized into the evolving regions viz. FZ, HAZ and the unaffected 
BM, with Figure 4-8 clearly demonstrating the microstructural evolution of these specific regions.  
The AISI304 BM microstructure revealed the single equiaxed austenite (𝛾)-phase and twinning 
shown in [Figure 4-8 (a) and (d)] below. The grains within the BM matrix of AISI304 specimen have 
uniform size not affected by thermal energy introduced at the FZ during welding. Adjacent to the BM 
is the regions that are affected by high temperature input during welding i.e. HAZ, Fusion Line (FL) 
and the solidified FZ. The FZ in the welded AISI304 specimen generally comprises of austenite-𝛾 
matrix and interspersed ferrite-𝛿 precipitates from non-equilibrium rapid solidification condition (high 
cooling rate) causing incomplete transformation of ferritic-𝛿 to austenite-𝛾. Thus, small amounts of 
ferrite-𝛿 will remain within the weld microstructure at room temperature. The retained ferrite-𝛿 is 
known to prevent solidification and hot cracking and it improves ductility, toughness and corrosion 









Figure 4-8: (a) BM Microstructure – austenitic single phase of AISI304, (b) HAZ Microstructure – AISI304, (c) 
FZ Microstructure – AISI304, (d) Evolution of AISI304 microstructure – FZ, BM and HAZ 
 Light microscopy analysis of AISI304 in the PWHT at 800℃/2h condition  
The AISI304 specimens were further assessed for the conditions of as-weld and PWHT at 800℃/2h 
to analyse the consequence that the applied PWHT and welding thermal effect had on the material. 
The imaging results for AISI304 specimen in the specified conditions at the FZ, HAZ and the BM is 
shown in Figure 4-9 below.  
As anticipated, the BM revealed a single-phase austenite-𝛾 microstructure having the equiaxed 
grains of intermediate size and twinning as shown in [Figure 4-9 (a) and (d)]. The AISI304 specimens 
at the conditions of as-weld and PWHT revealed comparable microstructures within the BM matrix 
without any noticeable deviations that can be imaged by light microscopy.  
The FZ can be considered as a mini casting forming columnar dendrites derived from the super-
cooling taking place at the solid/liquid interface (BM-FZ interface) growing in the direction 
perpendicular to the BM [Figure 4-9 (e)]. The FZ microstructure in both conditions of as-weld and 
PWHT at 800℃/2h constitute mainly of austenite-𝛾 under equilibrium solidification conditions. There 
was no obvious difference identified between the examined specimens at the FZ when analysed 
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be distinguished [Figure 4-9 (e)]. The FZ microstructure for AISI304 grade also showed lamellar 
mixture of vermicular/skeletal ferrite-𝛿 morphology and lathy ferrite-𝛿 morphology (Figure 4-8 and 
Figure 4-9). The anticipated carbides (Cr23C6) transformation at the AISI304 specimens’ HAZ, in the 
conditions of as-weld, and 800℃/2h PWHT intended to exaggerate segregation to take place could 
not be characterised or identified using light microscopy technique (Figure 4-9).  






   
  
Figure 4-9: (a) AISI304 specimens in the As-weld condition (a) BM microstructure, (b) HAZ microstructure and 
(c) FZ Microstructure, AISI304 specimens that are PWHT at 800℃/2h (d) BM Microstructure, (e) HAZ 
Microstructure and (f) FZ Microstructure.  
The AISI304 material demonstrated the ductile properties during the intergranular attack tests 
without crack failure but showed to be prone to corrosion during cyclic corrosion test showing pits 
and corrosion products, whereas the SAF2205 material behaved differently to AISI304 material in 
both corrosion tests. The SAF2205 material, PWHT at 800℃/2h demonstrated crack failure at the 
FZ and HAZ proving to be susceptible to intergranular attack, at the same time this material illustrated 
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good corrosion resistance properties during the long-term exposure in the salt chamber. The 
SAF2205 specimens at specified conditions were tested to be susceptible to intergranular attack 
informed by the material sudden crack failure, whereas the AISI304 grades demonstrated ductile 
properties when exposed to similar conditions. A detailed analysis for the failed SAF2205 specimens 
at the FZ and HAZ were further carried out using SEM-EDS and SEM-BSE technique. 
 Scanning electron microscopy (SEM) microstructure analysis of 800℃/2h PWHT SAF2205 
The SEM approach using BSE and EDS was applied to analyse the SAF2205 specimens that were 
PWHT at 800℃/2h to reveal more information about material composition contrast and evolution of 
microstructural features for the welded regions (FZ, HAZ and BM) at a higher magnification than it 
was possible with the use of the light microscope technique. The SAF2205 specimens PWHT at 
800℃/2h were evaluated to be prone to intergranular attack at the FZ and HAZ, as can be seen in 
Table 15 (f) and Table 16 (f) respectively. These regions are known to have had secondary phases 
nucleated due to thermal energy introduced at the FZ during welding operations and the PWHT 
intended to exaggerate transformation of these phases. 
There was minor corrosion indications on the SAF2205 specimens PWHT at 800℃/2h during the 
cyclic corrosion exposure test (Table 13: Figure 4-3), but not as severe compared to the AISI304 
specimens exposed to similar conditions. Thus, further analysis of SAF2205 specimens PWHT at 
800℃/2h using SEM technique was necessary to acquire finer details i.e. elemental compositions, 
material composition contrast and topographic information at the areas of interest. 
The SEM technique was accomplished by scanning the specimen’s surface with a focused beam at 
the beam accelerating voltage of 20keV. By virtue of its smaller wavelength electrons can resolve 
finer features of the analysed specimens to a much greater extent compared with visible light. The 
electron beam interacts with the specimen producing various signals detected by the SEM-BSE and 
or SEM-EDS detectors for topographic information, elemental composition and composition contrast 
of the compound. The position of the beam and the intensity of the detected signal generate an 
image with different atomic number contrast enabling the identification of phases present within 




 SEM-BSE analysis of 800℃/2h post weld heat treated SAF2205 specimen 
The scanning electron microscopy launched with back scatter electron detectors (SEM-BSE) was 
initially used to analyse SAF2205 etched specimens. The SEM-BSE examination for the 800℃/2h 
PWHT SAF2205 specimens was conducted on the 10N NaOH electro-etched specimen to expose 
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the revealed microstructural information at a higher magnification than it was plausible with the use 
of light illuminated microscope specifically at the regions described in the preceding section. 
Specimens were initially prepared by thinly coating with the electrically conductive film of carbon 
layer using Balzer’s sputter coater before to them being analysed using SEM-BSE. The revealed 
micrographs at the weld regions of BM, FZ and HAZ are presented in [Figure 4-10 (a)-(f)].  
The SEM-BSE base metal (BM) images presented in [Figure 4-10 (a) & (b)], revealed composition 
contrast between microstructure of the anticipated dual phases of austenite-𝛾 and ferrite-𝛿. The 
revealed microstructure comprises of elongated islands and small clusters of austenite-𝛾 in ferrite-𝛿 
matrix, having highly contrasted grains and grain boundaries. As stated previously that the welds 
(FZ) first solidifies as ferrite-𝛿 and upon further cooling the austenite-𝛾 phase precipitate at the  
ferrite-𝛿 grain boundaries by means of solid phase transformation to develop the duplex structure. 
The FZ [Figure 4-10 (e) and (f)] could not reveal much detailed information regarding the specifics 
of the solidified and the formed phases constituents within the analysed zone when SEM-BSE is 
deployed, although combination of columnar and equiaxed dendrites were observed to have been 
developed from the weld metal solidification process. The HAZ region [Figure 4-10 (c) and (d)] 
revealed twinning contrast within the austenitic-𝛾 microstructure. The secondary phases (sigma-𝜎 
and chi-) were identified to nucleate heterogeneously at the grain boundaries. The sigma 𝜎-phase 
were observed to preferentially nucleate at the ferrite/ferrite/austenite (𝛿/𝛿/𝛾) triple points or grow 
along ferrite/ferrite (𝛿/𝛿) boundaries and the phase- precipitate on ferrite/ferrite (𝛿/𝛿) grain 
boundaries [Figure 4-10 (d)]. The chi -phase is present in smaller quantities than the sigma 𝜎-phase 
as it is a metastable phase consumed during sigma 𝜎-phase transformation. Although the formed 
secondary phases could be identified using SEM-BSE at the nucleating site and through the variation 
of material composition contrast or atomic number contrast the SEM-EDS/EDX analysis was further 
deployed to provide finer details for the analysed regions in order to validate the identified secondary 














    
Figure 4-10: SEM-BSE images after PWHT at 800℃ for 2 hours: (a) & (b) BM showing the balanced phases 
of 𝜸-phase with twinning and 𝜹-phase, (c) & (d) HAZ showing the growth of intermetallic at the grain boundary 
growing into the 𝜹-phase, (e) & (f) Dendritic solidification of filler metal forming.  
 Energy dispersive X-ray spectroscopy (SEM-EDS) for 800℃/2h PWHT SAF2205 
specimens 
Energy Dispersive Spectroscopy (SEM-EDS) was employed to evaluate and characterise the dual 
phases of austenite-𝛾 and ferrite-𝛿 and to identify and characterise the secondary phases  
(chi-𝜒 and sigma-𝜎), non-metallic inclusions and other distinguishable features which transformed 
during welding operations and were exaggerated by post-weld thermal aging treatments of SAF2205 
at 800℃/2h. SEM-EDS analysis technique was preferred because of its built-in capability to rapidly 
evaluate considerable field of view and also the specimen preparation to complete this type of 
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 Determination of SEM-EDS operational settings for SAF2205 analysis 
The accuracy of SEM-EDS, both qualitative and quantitative analysis is a direct function of 
combination of several factors such as the adequate operational control of parameters and EDS 
spectrum characteristics. Apart from the SEM instrument capability, the quality of EDS spectrum 
and the machine accuracy can be improved by manipulating operable parameters such as 
acquisition time, dead time and beam current [51]. In order to establish SEM-EDS settings for correct 
and accurate operational control of parameters, SAF2205 specimen in the as-received condition was 
analysed at a pre-selected field of view to obtain the overall elemental composition of the base metal 
[Figure 4-11 (a)]. The alloying elemental compositions for SAF2205 BM in the as received condition 
was analysed by varying the acquisition times from 30s at the time incremental of 30s until 240s. 
The alloying elemental compositions of 23.3wt.%Cr, 5.3wt.%Ni, 2.0wt.%Mn, 3.5wt.%Mo, 0.5wt.%Si 
and 65.5wt.%Fe were analysed and demonstrated to be consist and accurate at 90s acquisition time 
as can be seen in [Figure 4-12 (b)-(g)]. The operational control of parameters of 90s acquisition time, 
4.5 spot size and 12-15% dead time at the accelerating voltage of 20keV was set in order to analyse 
the elemental composition range of SAF2205 BM (as-received) dual phases of ferrite-𝛿 and 















Time    
(s) 
6 0.5 23.4 1.7 65.7 5.2 3.5 30 
7 0.5 23.3 2.0 65.4 5.3 3.6 60 
8 0.5 23.3 2.0 65.5 5.3 3.5 90 
9 0.5 23.3 1.9 65.5 5.3 3.5 120 
10 0.5 23.3 2.0 65.4 5.4 3.5 150 
11 0.5 23.3 2.0 5.5 5.3 3.5 240 
Average 0.5 23.3 1.9 65.5 5.3 3.5   
 
Figure 4-11: As-received SAF2205 base metal elemental composition analysis 
(a) BM 
(as received) 






Figure 4-12: SAF2205 as-received base material acquisition time for individual alloying elements of Cr, Ni, Mn, 
Mo, Si and Fe in (wt.%) 
 SEM-EDS results for determination of elemental compositions for dual structure of 
austenite-𝛾 and ferritic-𝛿 phases 
SEM-EDS operational control settings cited in the preceding section (§ 4.3.6) were employed on the 
as-received SAF2205 BM to determine the specimen alloying element compositional range within 
the duplex structure; this is to be used as the basis to identify the formation of other secondary 
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phase (𝛿 and 𝛾) and analysed by means of confidence interval determination of the obtained set of 
data. Statistical analysis for the elemental composition range within the austenite-𝛾 and ferrite-𝛿 
phase is presented in Appendix D:1-4 for austenite-𝛾 and 5-8 for ferrite-𝛿, summarised in Table 18 
below. The determined elemental range was used as a guide to identify and categorise the formed 
secondary phases by comparing the statistical elemental range of the dual phases (ferrite-𝛿 and 
austenite-𝛾) with the elemental compositions of the secondary phases (Sigma-𝜎 and Chi-). The 
identified secondary phases were further distinguished as 𝜎-phase and -phase by comparing Mo-
element and Cr-element compositions, whereby the ferrite-𝛿 former elements viz. Mo, Cr and Si, 
rapidly leads to the formation of the intermetallic phases, with -phase having high  
Mo-element content (15-19wt.%Mo) in comparison with the 𝜎-phase (6-10wt.%Mo). The content of 
Cr-element in -phase ranges between 24-25wt.%Cr, and in 𝜎-phase is between  
25-29wt.%Cr. The Ni-element content in -phase was analysed to be 3wt.%Ni and in 𝜎-phase was 
analysed to be at a range of 3-4wt.%Ni 










21.6–22 6.40–6.7 2.6–3.2 2.0–2.1 
Ferrite (𝛿)-phase 
24.2–24.8 4.10–4.6 4.2–4.4 1.7–1.8 
 EDS results for SAF2205 heat treated material 
Energy Dispersive Spectroscopy (EDX/EDS) was completed on the 800℃/2h heat treated SAF2205 
comparing the elemental composition information with that of SAF2205 BM in the as received 
condition, for analysis of the different microstructural phases and compounds which may have been 
transformed during welding operations and thermal aging in the BM, HAZ and FZ.  
SEM-EDS microstructural imaging in the BM (Figure 4-13) revealed the dual phase contrast of 
ferrite-𝛿 and austenite-𝛾 comparable with the optical microscopy and SEM-BSE imaged results 
[Figure 4-7 (a) and (d)]. The specimens were initially surface prepared using electro etching 
technique with the electrolyte of NaOH at a concentration of 10N. This procedure could not reveal 
the anticipated intermetallic phases that might have nucleated at the weld zones during SEM-EDS 
analysis. Thus the usage of NaOH solution to electro etch preferentially dissolved the intermetallic 
phases without affecting the duplex phases of ferrite-𝛿 and austenite-𝛾 (Figure 4-11), hence the latter 
phases were successfully imaged. The specimens were then re-polished to restore the surface to its 
original unetched state, as per ASTM E3 “standard guide for preparation of metallographic 
specimens”. The as-polished unetched specimens were unmounted from the resin mount for SEM-
EDS analysis preparation as explained in § 3.6.2.1. This action was followed by repeating SEM-EDS 
analysis whereby the intermetallic phases were successfully revealed with the alloying elemental 
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compositions that are not within (𝛿 and 𝛾) phases range (Table 18). Figure 4-13–BM, Figure 4-15–
FZ and Figure 4-17–HAZ, demonstrate the sites where the bright secondary phases have 
preferentially nucleated at the weld regions of SAF2205 that was PWHT at 800℃/2h. The EDS-maps 
for the welded regions (Figure 4-14–BM, Figure 4-16–FZ, Figure 4-18–HAZ) showed the high 
intensity atomic number contrast of Ni, Cr and Mo elements within the pre-selected field of view. The 
base metal SEM-EDS micrographs (Figure 4-13) revealed the anticipated dual phases of ferrite-𝛿 
and austenite-𝛾 similar to the light microscope and SEM-BSE results. The SEM-EDS technique 
provided additional information for elemental composition analysis. The compositional information 
for the SAF2205 base metal PWHT at 800℃/2h revealed the austenite 𝛾-phase having compositions 
of 6wt.%Ni and 3wt.%Mo that are within the 𝛾-phase range (Table 18), whereas the 𝛿-phase was 
analysed to have 24wt.%Cr content and relatively higher Mo-element (5wt.%Mo) as they are ferrite-














1 0.50 22.18 2.2 6.21 2.89 𝛾 
2 0.41 21.81 2.23 6.22 2.88 𝛾 
3 0.44 22.02 2.12 6.32 2.80 𝛾 
4 0.49 25.88 1.71 3.74 5.48 𝛿 
5 0.56 27.40 2.03 4.10 6.74 𝜎 
6 0.53 21.51 2.10 5.96 4.95 𝛿 
7 0.39 22.00 2.03 6.20 2.77 𝛾 
8 0.55 25.39 1.85 3.49 3.58 𝛿 
9 0.55 26.51 2.08 4.39 6.63 𝜎 
Figure 4-13: Microstructural analysis of the post weld heat treated SAF2205 BM specimen at 800℃/2h: SEM-
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SEM-BSE micrographs revealed compositional contrast or atomic number contrast representing the 
phases present in the analysed field of view. The SEM-BSE imaging produced from atomic number 
contrasting was significant to identify any developed intermetallics or secondary phases at the pre-
selected field of view within the SAF2205 specimens which was previously PWHT at 800℃/2h. The 
atomic number contrast effect allowed the identification of secondary phases at the specific regions 
of HAZ–FZ and HAZ–BM interfaces, grain boundaries and triple points nucleating sites. The formed 
secondary phases (sigma-𝜎 and ferrite-𝜒) were detected to be saturated at the nucleating sites and 
at the points of defects, comprising of a distinct atomic number contrast from the BSE (Figure 4-14). 
The varying atomic number contrast within the secondary phases (sigma-𝜎 and ferrite-𝜒) and the 
dual phases (ferrite-𝛿 and austenite-𝛾) is caused by the presence of high-levels of heavy metals with 
high atomic numbers causing great backscattering effect of BSE. The analysed secondary phases 
(chi-𝜒 and sigma-𝜎) demonstrated to comprise of high atomic number elements (Mo, Cr and Ni) with 
different concentrations. The chi (𝜒) phase contain: 15-19wt.%Mo, 24-25wt.%Cr and 2.8-3wt.%Ni 
and the sigma (𝜎)-phase contains: 6-10wt.%Mo, 24-29wt.%Cr and 3-5wt.%Ni. The Mo-element is 
the heaviest alloying element followed by Ni-element and then Cr-element within the SAF2205 
material. The compositions of Mo-element, Cr-element and Ni-element in chi-𝜒 phase cause this 
phase to have a high degree of elastic scattering resulting in high angles of deflection and large 
backscattering effect [52]. Since the analysed phases (chi-𝜒, sigma-𝜎, austenite-𝛾 and ferrite-𝛿) 
contains varying compositions of heavy metals with different atomic numbers, the phases will also 
exhibit different values of backscatter coefficient. As a result the contrasting effect of the secondary 
phase (chi-𝜒 and sigma-𝜎) appears to be relatively brighter due to a larger number of backscatter 
electrons ejecting out of these phases, while the phases with a low atomic number (austenite-𝛾 and 
ferrite-𝛿) will appear relatively dark. 
The SEM-EDS maps revealed the nonuniform compositional contrast owing to the difference in 
heavy metals compositions within the analysed field of view. The high elemental atomic number 
contrast has effected regions with high Mo-element , Ni-element and Cr-element level associated 
with the transformed phases of Chi-𝜒 and Sigma-𝜎.The formed phases (Chi-𝜒 and Sigma-𝜎) are 
revealed by SEM-EDS maps distinctly showing their nucleation sites viz. ferrite/ferrite/austenite 
(𝛿/𝛿/ 𝛾) triple point and ferrite/austenite (𝛿/ 𝛾) grain boundaries as seen in Figure 4-14 (a) to (d). 





Figure 4-14: (a) Field of view for SAF2205 and PWHT800℃/2h at the BM, (b) Cr-elemental SEM-EDS map, 
(c) Ni-elemental SEM-EDS ma (d) Mo-elemental SEM-EDS map 
The microstructural analysis for SAF2205 FZ specimens PWHT at 800℃/2h successfully revealed 
the austenite (𝛾)-phase as predominant than the ferrite (𝛿)-phase, thus demonstrating to have 
unbalanced dual structure within the FZ matrix (Figure 4-15). The weldments of SAF2205 solidify as 
ferrite-𝛿 because of high diffusivity of Cr-element and Mo-element in the ferrite (𝛿)-phase [53].The 
austenite (𝛾)-phase is transformed upon further cooling of solidified ferritic (𝛿)-phase to room 
temperature during the weld thermal cycle. The sigma (𝜎)-phase was also identified at the highly 
energised nucleation sites of austenite-𝛾 and ferrite-𝛿 grain boundaries. The secondary phase 
(sigma-𝜎) was identified comprising of high Cr and Mo levels which analysed to be outside of 
 𝛾-phase and 𝛿-phase elemental composition range (Table 18). The Chi-𝜒 could be not be detected 
at the preselected spot or field of view. The solidified weld metal microstructure (FZ) exposed also 
the surface defects of minute voids scattered on the SAF2205 FZ specimen surface, as seen in 
Figure 4-15 and Figure 4-16 (a).  
(c) 
Cr 
Ni Mo (d) 
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1 0.59 23.29 1.38 8.09 2.88 𝛾 
2 0.65 23.55 1.42 7.72 3.42 𝛾 
3 0.89 29.69 1.22 3.79 8.38 𝜎 
4 0.61 23.27 1.40 7.96 3.49 𝛾 
5 0.58 22.76 1.39 8.82 3.33 𝛾 
6 0.64 23.29 1.35 7.95 3.57 𝛾 
7 0.87 29.25 1.26 4.10 7.53 𝜎 
8 0.56 24.10 1.90 4.34 4.22 𝛿 
9 0.52 24.30 1.80 4.40 3.99 𝛿 
10 0.67 23.26 1.45 7.59 3.57 𝛾 
11 0.50 24.50 1.77 4.35 4.30 𝛿 
Figure 4-15: SEM-EDS analysis of the SAF2205 FZ, PWHT800℃/2h (Top) and the elemental analysis 
(Bottom) 
The solidified SAF2205 weld metal–FZ PWHT at 800℃/2h has not revealed the presence of Chi (𝜒)-
phase; rather the presence of sigma (𝜎)-phase in small amounts which preferentially nucleated at 
the grain boundary of the solidified dendritic and restructured Widmanstӓtten plates of 𝛾-phase. The 
identified austenite (𝛾)-phase was characterised to be within the defined elemental composition 
range with less amount of ferrite (𝛿)-phase detected.  
SEM-EDS elemental maps showed the intensity of heavy metals found in the analysed phases  
(austenite-𝛾, sigma-𝜎 and ferrite-𝛿) of the 800℃/2h post weld heat treated SAF2205 FZ, shown in 
Figure 4-16: (b) Cr-element, (c) Mo-element and (d) Ni-element. The elemental intensity within the 
analysed field of view illustrated inhomogeneous contrasting effect distributed evenly within the 
solidified weld consumables, but because of the predominate austenitic (𝛾)-phase having small 
amount of the ferritic (𝛿)-phase other formed phases i.e. sigma (𝜎)-phase could not be contrasted, 
as seen in elemental SEM-EDS map [Figure 4-16 (c), (b) and (d)] 
 
FZ 
Minute voids  





Figure 4-16: (a) Field of view for the SAF2205 and PWHT800℃/2h at the FZ, (b) Cr-elemental SEM-EDS map, 
(c) Mo-elemental SEM-EDS map, (d) Ni-elemental SEM-EDS map 
The micrographs of the SAF2205 HAZ that was isothermally aged at 800℃ for 2 hours is presented 
in Figure 4-17 and Figure 4-18 (a), showing the high effect of compositional contrast or atomic 
number contrast of intermetallic sigma (𝜎)-phase precipitating at the highly energised grain boundary 
of ferrite/austenite (𝛿/ 𝛾) and of chi (𝜒)-phase at the ferrite/sigma (𝛿/𝜎) growing by expanding 
exclusively in the ferrite (𝛿)-matrix. The Chi (𝜒)-phase is also identified at the triple points and within 
the ferrite (𝛿)-grains at which it adopts a very bright contrasted hexagonal shape as illustrated in 
























1 0.68 24.91 1.97 2.87 18.52 ᵡ 
2 0.63 24.91 1.77 2.80 15.98 ᵡ 
3 0.67 24.6 2.01 2.80 17.89 ᵡ 
4 0.55 24.78 1.82 3.40 10.82 𝜎 
5 0.60 24.92 1.70 2.90 15.16 ᵡ 
6 0.55 25.06 2.00 4.40 6.19 𝜎 
7 0.44 21.99 2.16 6.36 3.16 𝛾 
8 0.54 24.62 2.1 4.35 7.24 𝜎 
9 0.46 21.99 2.11 6.31 2.75 𝛾 
10 0.45 25.32 1.87 3.86 3.67 𝛿 
Figure 4-17: SEM-EDS spectrum analysis showing the HAZ of the welded SAF2205, PWHT800℃/2h (Top), 
elemental analysis (Bottom) 
The sigma (𝜎) and chi (𝜒) phases – Figure 4-17 are enriched with Cr and Mo having lower Ni-element 
when compared to the duplex structure of austenitic-𝛾 and ferritic-𝛿 . The ferrite-𝛿 stabilizing 
elements (Cr and Mo) were altered during welding followed by isothermal aging at 800℃/2h affecting 
weld joint properties and the adjacent weld zones (HAZ). High levels of Mo-element (chi-𝜒:17wt.%Mo 
and sigma-𝜎: 8wt.%Mo) was analysed particularly at the grain boundary with elemental composition 
matching those of secondary phases, growing towards the ferrite (𝛿)-phase and some within the 
grains as seen in Figure 4-18 (a). The Chi (𝜒)-phase was identified by the brighter contrast effected 
by the atomic number contrast [Figure 4-18 (a) and (d)] due to the high concentration of heavier Mo-
element. The sigma (𝜎)-phase was also identified as having Ni-element content that is higher 
(4wt.%Ni) than Chi (𝜒)-phase (3wt.%Ni), and high Mo-element but not as high as in the chi (𝜒)-
phase. The varying elemental concentrations of the transformed secondary phases created different 
contrast permitting the phase identification during microstructural analysis. The different contrast of 
the duplex phase (austenite-𝛾 and ferrite-𝛿) and secondary phases (sigma-𝜎 and chi-𝜒) can also be 
seen from SEM-EDS map [Figure 4-18 (b), (c) & (d)]. The SEM-EDS map show the austenite(𝛾)-
grains with high level of Ni-element, whereas the ferrite (𝛿)-grains contain high Cr-element with minor 
variation in Mo-element level as it can be seen with the inhomogeneous contrast intensity within the 
HAZ 
Art effects  
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grains [Figure 4-18 (a) to (d)]. As mentioned previously, sigma (𝜎)-phase and chi-(𝜒) phase are 







Figure 4-18: (a) Field of view for the SAF2205 that was PWHT800℃/2h at the HAZ, (b) Cr-elemental SEM-
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CHAPTER 5 : CONCLUSIONS AND FINDINGS 
1. The SCC salt spray exposure test results confirmed that when AISI304 and SAF2205 
weldments are exposed to similar accelerated laboratory conditions simulating saline 
conditions the electro-chemical reaction is faster in AISI304 grades than in SAF2205 grades 
because of the minute cracks and corrosion pits accompanied by corrosion products that 
were detected for the AISI304 grades. The indications of pitting and corrosion products 
manifested during the first three to four months of corrosion exposure tests and initiated at 
the welded stressed regions of the isothermally aged (800℃/2h and 500℃/3h) and as-weld 
AISI304 specimens with no indications of such defects on SAF2205 specimens. 
2. The welded regions (FZ) of SAF2205 grades in the as-weld and 500℃/3h PWHT condition 
demonstrated no indications of corrosion, neither in a form of pits nor cracks and associated 
corrosion products, throughout the cyclic corrosion testing period of ten months. Conversely, 
the 800℃/2h PWHT SAF2205 specimens revealed minor corrosion products during the fifth 
month of being exposed to similar conditions, degrading the material at the slowest rate until 
the termination of the tests after month ten. 
3. The welded regions (HAZ and FZ), including the unaffected BM for AISI304 grade, did not 
suffer intergranular attack in the material conditions of as-weld, heat treatment at 500℃/3h 
and 800℃/2h, as demonstrated by the excellent ductile property at the conclusion of the 
intergranular attack qualification test. The tested weld regions did not suffer sensitisation   
4. The SAF2205 welded regions of HAZ and FZ which were heat treated at 800℃/2h 
demonstrated to be susceptible to Intergranular attack, which was different to the base metal 
(BM). During the Intergranular attack qualification test (bend test) the SAF2205 specimens 
(HAZ and FZ) PWHT at 800℃/2h crack failed without demonstrating plastic deformation. 
Instead the crack failure for the tested FZ and HAZ was of a brittle fracture, owing to the 
ferrite matrix which undergoes decomposition process when aged at 800℃/2h, thus forming 
the brittle intermetallic phases at the HAZ extending to the HAZ-FZ interface. On the other 
hand, the SAF2205 BM exposed to similar conditions did not suffer similar defects. 
5. The use of light microscopy to examine the SAF2205 base metal, PWHT at 800℃/2h only 
revealed the anticipated balanced dual phase microstructure of ferrite-𝛿 and austenite-𝛾 
within the BM matrix, hence it did not suffer the intergranular attack. The intergranular 
affected weld region of FZ demonstrated the heterogeneous dendritic and columnar grains 
owing to the solidification nature of the weld metal. This analysing technique (light 
microscopy) was not beneficial in revealing other phases i.e. the brittle secondary phases 
within the HAZ and FZ matrix.  
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6. SEM-BSE was employed with the intent to reveal the resultant detrimental/brittle secondary 
phases at the HAZ and FZ weld region for the SAF2205 specimen that was PWT at 800℃/2h 
and electro etched using 10N NaOH. The SEM-BSE techniques successfully revealed the 
duplex structure (ferrite-𝛿 and austenite-𝛾), without exposing the transformed intermetallic 
phases. The etching technique preferentially dissolved the intermetallic phases without 
affecting the duplex microstructure which was effectively imaged. The SEM-BSE was able to 
reveal the single austenite equiaxed grains comprising of twinning within the AISI304 BM 
matrix without any additional information of the sensitised region constituents. 
7. Unetched specimens (as-polished) were analysed using SEM-EDS technique, revealing the 
detrimental/ brittle intermetallic phases (sigma-𝜎 and chi-𝜒) at the highly energised nucleation 
sites of the grain boundaries, triple point and incoherent twin boundaries. The intermetallic 
phases were also identified to be growing within the ferrite-𝛿 matrix thus depleting the grain 
boundaries from crucial elements (Mo and Cr) added to improve mechanical properties and 
corrosion resistance. The secondary phases were revealed in the SAF2205 specimen weld 
zones viz. HAZ and FZ that were subjected to the heat treatment of 800℃/2h. The HAZ was 
analysed to have the 𝜒-phase identified to contain high concentrations of Mo and Cr 
elements. The detected 𝜎-phase was identified having high level of Cr and Ni elements. The 
intermetallic compounds (chi-𝜒 and sigma-𝜎) enriched with the ferrite-𝛿 stabilising elements 
(Mo and Cr) themselves are brittle, and because of their presence, they initiated brittle cracks 
of the material.  
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CHAPTER 6 : RECOMMENDATIONS FOR FURTHER RESEARCH 
1. When time is not a factor the longer specimens exposure durations exceeding 10 months 
should be applied to increase the prospect of deteriorating the tested materials (AISI304 
and SAF 2205) even further in order to demonstrate the SCC defects of cracks at the 
sensitised regions, differently other methodologies for accelerated laboratory testing should 
be considered. 
2. Assessment of the extend at which the intermetallic phases of sigma (𝜎)-phase and chi (𝜒)-
phase will affect stainless steel intergranular attack should be investigated separately for 
each of secondary phase contribution towards the brittle effect resulted from aged SAF2205 
HAZ. 
3. The effect of other phases such as nitrides (Cr2N, CrN) should be further studied or 
assessed in order to understand their effect on the embrittlement characteristic of the 
welded duplex stainless steel, as they also contribute deterioration of corrosion resistance 
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CHAPTER 7  
 
Appendixes A- Calculations 
a) Holder span (H) calculations at measured strain ( ) of AISI304: 1249-1250𝜇𝑠𝑡𝑟𝑎𝑖𝑛 and 
SAF2205: 2250𝜇𝑠𝑡𝑟𝑎𝑖𝑛 
Table 19: AISI304 and SAF2205 Holder span (H) measurement 
AISI304 SAF2205 
H𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 = L − H𝐸𝑥𝑝                                                                   equation 13 
Where: Specimen length ( L) = 250𝑚𝑚 
Difference between L and distance between both ends of the specimen (H𝐸𝑥𝑝) after bended to 
produce measured strain ( ) = 2𝑚𝑚 and  6𝑚𝑚 for both AISI304 and SAF2205 respectively. 
H𝐴𝐼𝑆𝐼304 = 250𝑚𝑚 − 2𝑚𝑚  
H𝐴𝐼𝑆𝐼304 = 248𝑚𝑚  
H𝑆𝐴𝐹2205 = 250𝑚𝑚 − 6𝑚𝑚  
H𝑆𝐴𝐹2205 = 244𝑚𝑚  




), where; L: Specimen length and H: Holder span measurement 
                            0.01 ≤
L − H
H
≤ 0.50                                                                                                  Equation 14 
                      𝐹𝑜𝑟  𝐴𝐼𝑆𝐼304: (    250𝑚𝑚 − 248𝑚𝑚)/248𝑚𝑚 = 0.01  





APPENDIXES B – DRAWINGS 
 
Figure 7-1: AISI304 and SAF2205 specimen geometry for cyclic corrosion test  






Figure 7-2: AISI304 and SAF2205 specimen geometry for intergranular attack testing  






Figure 7-3:Two-point load specimen holder drawing for AISI304 
 





Figure 7-4: Geometry for SAF2205 bent-beam specimen holder 
. 









APPENDIXES C – MECHANICAL PROPERTIES 
1. SAF2205 mechanical properties test certificate from OEM (ArcelorMittal) [43] 
 
Figure 6: SAF2205 Material Test Certification showing the hardness and tensile tests as supplied by 
ArcelorMittal 
Table C-1.1: Summary of SAF2205 tensile test data, extracted from Material Test Cert. in Figure 57  
Room temperature tensile test summarised data from Material Test Cert. 





Min 450 620 








Figure 7: Material Test Certificate for SAF2205 alloying elemental compositions, supplied by ArcelorMittal 
 
Table C-1.2:SAF2205 Alloying elements compositions extracted from Material Test Cert.  (Figure 58) 






















Min.      22.00 4.50 3.00 0.14 
F7708 0.02 1.80 0.30 0.02 0.01 22.67 5.15 3.04 0.17 
Max 0.03 2.00 1.00 0.03 0.01 23.00 6.50 3.50 0.20 
PREN =Cr+(3.3*Mo) + (16N) 
Min 34.00 
F7708 35.42 
2. Material mechanical properties of Austenitic stainless steel-AISI304L and AISI304 
Table C-2.1: AISI304 Mechanical properties at room temperature [27] 











304L 215 470-670 45 129 




APPENDIXES D: COMPOSITION RANGE OF DUPLEX PHASE (𝜸 AND 𝜹) 
1. The range of Cr-element compositions in SAF2205 austenitic (𝜸)-phase  
 
wt.%Cr in austenite phase
F.O.V-1 F.O.V-2 F.O.V-3 F.O.V-4
21,53 21,46 21,82 22,11
21,77 21,53 21,85 22,02
21,78 21,77 22,05 21,77
21,84 21,78 22,18 21,85
21,59 21,84 22,06 21,91







Sample size (n) 9 10 12 6
Sample mean 21,67 21,65 21,88 21,90
Std. Dev 0,16 0,16 0,20 0,14
Confidence coefficient 0,95 0,95 0,95 0,95
Significance level 0,05 0,05 0,05 0,05
Margin of error 0,051 0,047 0,053 0,056
Point estimate 21,67 21,65 21,88 21,90
Lower limit 21,62 21,60 21,83 21,84











wt.%Ni in austenite phase
F.O.V-1 F.O.V-2 F.O.V-3 F.O.V-4
6,52 6,65 6,5 6,31
6,57 6,57 6,43 6,28
6,68 6,65 6,57 6,55
6,51 6,63 6,41 6,54
6,74 6,75 6,34 6,6







Sample size (n) 8 10 12 6
Sample mean 6,65 6,61 6,44 6,47
Std. Dev 0,10 0,08 0,11 0,14
Confidence coefficient 0,95 0,95 0,95 0,95
Significance level 0,05 0,05 0,05 0,05
Margin of error 0,03 0,02 0,03 0,05
Point estimate 6,65 6,61 6,44 6,47
Lower limit 6,61 6,59 6,41 6,42










wt.%Mo in austenite phase
F.O.V-1 F.O.V-2 F.O.V-3 F.O.V-4
2,74 2,68 2,75 2,72
2,73 2,6 2,81 2,79
5,64 2,71 2,78 2,78
2,77 2,69 2,72 2,81
2,72 2,66 2,78 2,78







Sample size (n) 8 10 12 6
Sample mean 3,08 2,69 2,75 2,78
Std. Dev 1,04 0,06 0,08 0,04
Confidence coefficient 0,95 0,95 0,95 0,95
Significance level 0,05 0,05 0,05 0,05
Margin of error 0,35 0,02 0,02 0,01
Point estimate 3,08 2,69 2,75 2,78
Lower limit 2,73 2,67 2,73 2,77






4. The range of Mn-element compositions in SAF2205 austenitic (𝜸)-phase  
 
 
wt.%Mn in austenite phase
F.O.V-1 F.O.V-2 F.O.V-3 F.O.V-4
2,04 1,95 2,02 1,97
1,95 2,1 2,1 2,08
2,03 1,96 1,95 2,11
2,06 2,03 2,03 2,12
1,95 2,08 2,07 1,94







Sample size (n) 8 10 12 6
Sample mean 2,04 2,05 1,96 2,05
Std. Dev 0,06 0,07 0,27 0,08
Confidence coefficient 0,95 0,95 0,95 0,95
Significance level 0,05 0,05 0,05 0,05
Margin of error 0,02 0,02 0,07 0,03
Point estimate 2,04 2,05 1,96 2,05
Lower limit 2,02 2,03 1,89 2,02










wt.%Cr in ferrite phase
F.O.V-1 F.O.V-2 F.O.V-3 F.O.V-4
24,48 24,36 24,32 24,56
24,42 24,45 24,3 24,43
24,29 24,41 24,47 24,62
24,42 24,27 24,42 24,73








Sample size (n) 6 11 12 5
Sample mean 24,42 24,39 24,30 24,70
Std. Dev 0,07 0,09 0,10 0,27
Confidence coefficient 0,95 0,95 0,95 0,95
Significance level 0,05 0,05 0,05 0,05
Margin of error 0,03 0,03 0,03 0,12
Point estimate 24,42 24,39 24,30 24,70
Lower limit 24,39 24,37 24,28 24,58










wt.%Ni in ferrite phase
F.O.V-1 F.O.V-2 F.O.V-3 F.O.V-4
4,47 4,46 4,43 4,42
4,37 4,67 4,44 4,34
4,59 4,44 4,45 4,21
4,5 4,62 4,4 4,17









Sample size (n) 6 11 13 5
Sample mean 4,47 4,48 4,44 4,21
Std. Dev 0,08 0,10 0,05 0,20
Confidence coefficient 0,95 0,95 0,95 0,95
Significance level 0,05 0,05 0,05 0,05
Margin of error 0,03 0,03 0,01 0,08
Point estimate 4,47 4,48 4,44 4,21
Lower limit 4,44 4,45 4,43 4,12











wt.%Mo in ferrite phase
F.O.V-1 F.O.V-2 F.O.V-3 F.O.V-4
4,32 4,24 4,22 4,19
4,32 4,13 4,32 4,42
4,14 4,42 4,25 4,44









Sample size (n) 6 11 12 4
Sample mean 4,25 4,21 4,26 4,34
Std. Dev 0,12 0,12 0,07 0,12
Confidence coefficient 0,95 0,95 0,95 0,95
Significance level 0,05 0,05 0,05 0,05
Margin of error 0,05 0,03 0,02 0,06
Point estimate 4,25 4,21 4,26 4,34
Lower limit 4,20 4,18 4,25 4,28










wt.Mn in ferrite phase
F.O.V-1 F.O.V-2 F.O.V-3 F.O.V-4
1,81 1,79 1,83 1,74
1,79 1,81 1,81 1,83
1,75 1,77 1,87 1,85
1,77 1,76 1,76 1,77








Sample size (n) 6 11 12 5
Sample mean 1,77 1,78 1,81 1,81
Std. Dev 0,03 0,04 0,04 0,05
Confidence coefficient 0,95 0,95 0,95 0,95
Significance level 0,05 0,05 0,05 0,05
Margin of error 0,01 0,01 0,01 0,02
Point estimate 1,77 1,78 1,81 1,81
Lower limit 1,75 1,77 1,80 1,79
Upper limit 1,78 1,79 1,83 1,83
1.83 
1.75 
